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Introduction
1 Introduction
The chemical senses play an essential role for finding and evaluating food, avoiding preda-
tors and locating suitable mating partners which ultimately determines the survival of the
individual and the whole species. A vast array of gustatory and olfactory cues are detected
and processed by the sense of taste (gustatory system) and the sense of smell (olfactory
system). The gustatory system primarily detects water-soluble and non-volatile tastants
that each elicit one of five distinct perceptual taste qualities: sweet, bitter, sour, salty
and umami (Zhang et al., 2003; Chandrashekar et al., 2006; Yarmolinsky et al., 2009). In
contrast, the olfactory system detects a plethora of mainly volatile structurally complex
compounds. In addition, pheromones convey information about social status as well as
the reproductive and endocrine state of conspecifics. Moreover, pheromones elicit innate
behaviors such as puberty acceleration in females or inter-male aggression (Novotny et al.,
1999b; Chamero et al., 2007).
The olfactory system has evolved into several anatomically distinct subsystems to detect
the wide range of olfactory stimuli (Fig. 1.1) (Zufall and Munger, 2001; Breer et al., 2006;
Ma, 2007; Munger et al., 2009): the main olfactory epithelium (MOE), the vomeronasal
organ (VNO), the Grueneberg ganglion (Grüneberg, 1973) and the septal organ of Masera
(T. Rodolfo-Masera, 1943). The traditional strict discrimination between the MOE as
a detector of general odors and the VNO as detector of pheromones was challenged by
several more recent studies that show overlapping activation of both systems (Lin et al.,
2005; Xu et al., 2005; Brennan and Kendrick, 2006; Dulac and Wagner, 2006; Spehr et al.,
2006a,b; Wang et al., 2006).
Figure 1.1: Schematic view of the
mouse olfactory subsystems. The ol-
factory system is divided into distinct
subsystems including the main olfactory
epithelium (MOE), vomeronasal organ
(VNO), Grueneberg ganglion (GG), Sep-
tal organ (SO) as peripheral sensory struc-
tures and the main olfactory bulb (MOB)
and accessory olfactory bulb (AOB) as the
first processing centers in the central ner-
vous system (adapted from Brennan and
Kendrick, 2006).
1.1 The main olfactory system
The main olfactory system (MOS) comprises the MOE as the peripheral chemosensory
detection site and the main olfactory bulb (MOB) in the forebrain as the first processing
station in the central nervous system. The MOE is located in the posterior-dorsal nasal
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cavity where it covers several endoturbinates as well as the nasal septum. Three cell types
are found in the MOE: olfactory sensory neurons (OSNs) which detect odorant molecules,
sustentacular cells that are described to communicate with OSNs via extracellular nu-
cleotides in response to odorant exposure (Dooley et al., 2011) and, moreover, have a
supporting role in the epithelium and basal cells which serve as OSN precursors (Moulton
and Beidler, 1967). Canonical OSNs show a typical bipolar morphology and are composed
of the cell body (soma), a single axon that projects to the MOB and a long dendrite that
ends in a globular bulge called dendritic knob. Approximately 20 cilia emanate from each
of these knobs into the mucus of the MOE. Olfactory cilia are immotile albeit their 9+2
microtubule configuration typical for motile cilia (Menco, 1984; Jenkins et al., 2009).
Figure 1.2: Schematic diagram of the MOS
organization in the rodent nose. OSNs lo-
cated in the MOE project their axons into neu-
ropil structures called glomeruli (GL) in the
MOB. Here, OSN axon terminals form synaptic
connections with the main projection neurons of
the MOB called mitral cells (MCs) (adapted from
Brennan and Kendrick, 2006).
The ciliary membrane is the site of
chemosensory transduction and is charac-
terized by highly enriched expression of sig-
nal transduction cascade proteins (Menco,
1997). One thin unmyelinated axon em-
anates from the base of each OSN soma
and projects through the basal lamina
and the cribiform plate into the MOB
(Fig. 1.2) (Mombaerts et al., 1996; Levai
et al., 2003; Mombaerts, 2006). Expression
of axon guidance molecules together with
the olfactory receptor allow specific axon
targeting to one or few distinct structures
in the olfactory bulb called glomeruli (Ser-
izawa et al., 2006; Imai and Sakano, 2007).
The position of these glomeruli in the MOB
is conserved between individuals forming
an odotopic map (Strotmann et al., 2000)
as processing of odor signals leads to a spe-
cific spatiotemporal glomerular activation
pattern (Spors and Grinvald, 2002; Mori
et al., 2006). In these glomeruli, axon ter-
minals of OSNs form synaptic connections
with branched apical dendrites of second-order projection neurons called mitral/tufted
cells (Shipley and Ennis, 1996; Ma, 2007). Mitral/tufted cells, in turn, send their axons
to higher brain centers such as the anterior olfactory nucleus, the piriform cortex or the
cortical amygdala via the lateral olfactory tract (Haberly, 2001; Lledo et al., 2005; Ma,
2007; Stettler and Axel, 2009).
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1.2 The accessory olfactory system
Most vertebrates possess a well-developed accessory olfactory system (AOS) which plays
a major role in detecting chemical cues that convey information about identity, gender,
social rank and sexual state (Dulac and Torello, 2003; Luo and Katz, 2004; Brennan and
Kendrick, 2006; Tirindelli et al., 2009). The sensory structure responsible for the detection
of these semiochemicals is the VNO (Karlson and Lüscher, 1959). Ludvig Jacobson first
described the VNO in 1813 in providing detailed anatomical characterizations for a variety
of species, but at that time could only speculate about functional roles (Jacobson et al.,
1998). A functional VNO is found in most amphibians, reptiles and mammals. However,
some taxa such as fish, crocodiles, marine mammals (Eisthen, 1992), old world monkeys,
gorillas, chimpanzees and orangutans lack a functional VNO (Bhatnagar and Meisami,
1998). Anatomical studies on humans report that no functional vomeronasal sensory neu-
rons (VSNs) exist in the nasal epithelium (Witt and Hummel, 2006) and, moreover, no
evidence for an accessory olfactory bulb (AOB) has been found in adult humans (Bhatna-
gar and Meisami, 1998). These observations are in line with genetic studies reporting that
genes encoding for vomeronasal receptors have been pseudogenized in humans (Rodriguez
and Mombaerts, 2002).
Figure 1.3: Anatomy of the mouse
vomeronasal organ. (A) Dorsal view on the
VNO shows its bilateral structure enclosed in a
cartilaginous capsule (CC). The vomer bone (VB)
builds up the caudal part of the capsule. (B) Lat-
eral view on the VNO showing nasal septum ex-
tensions at the caudal end above the VB, scale
bar: 1 mm.
The AOS consists of the VNO, the pe-
ripheral sensory structure, and its first
projection site, the AOB located in the
dorso-caudal part of the MOB. The VNO
is located at the base of the nasal sep-
tum right above the palate. It comprises
a bilateral blind-ending tube enclosed in
a cartilaginous capsule (Fig. 1.3) (Jacob-
son et al., 1998; Keverne, 1999; Breer et
al., 2006). The VNO consists of a crescent-
shaped medial sensory epithelium that har-
bors the VSNs and a non-sensory part on
the lateral side. Between these two epithe-
lia lies the mucus-filled lumen which is con-
nected to the nasal cavity via the narrow
vomeronasal duct (Liberles, 2014).
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Figure 1.4: Schematic organization of the accessory olfactory system. (A) The
VNO is a tube-shaped organ lying at the base of the nasal septum, right above the palate.
It consists of a blood vessel (BV), lumen (L) and sensory epithelium. The sensory epithelium
harbors two subpopulations of VSNs. One subpopulation is located apically (shown in red)
and projects to glomeruli (GL) in the anterior AOB and one subpopulation is located basally
(shown in green) and projects to GL of the posterior AOB (adapted from Mombaerts, 2004;
Brennan and Kendrick, 2006). (B) Morphology of a single VSN (FPR-rs3-i-venus) with the
dendritic knob (k) at the tip of the long and narrow dendrite (d), the cell soma (s) and the
axon (a) leaving the soma at the basal side. Scale bar: 5 µm.
The non-sensory epithelium harbors a large blood vessel innervated by the autonomous
nervous system which contracts upon nerve stimulation, thus, generating negative pressure
in the VNO lumen (Meredith and O’Connell, 1979; Pankevich et al., 2003). This vascular
pumping mechanism facilitates the entry of relatively large non-volatile compounds such as
peptides or small proteins into the lumen and their transport to the sensory neurons. The
sensory epithelium consists of three cell types: VSNs, sustentacular and basal cells. Basal
cells are located along the basal layer and serve as precursors of VSNs (Keverne, 1999).
Sustentacular cells are bipolar with apical and basal processes spanning the whole sensory
epithelium. Here, they have a supporting role for developing VSNs (Ghiaroni et al., 2003).
VSNs constitute the chemosensory cells that detect pheromone cues (Leinders-Zufall et
al., 2000; Holy, 2000; Chamero et al., 2007; Papes et al., 2010). VSNs have a bipolar mor-
phology with long dendrites that end in a microvillous dendritic knob and unmyelinated
axons that fasciculate and form the vomeronasal nerve (Fig. 1.4). The vomeronasal nerve
leaves the cartilaginous capsule at the dorso-caudal end, ascends along the septum, passes
the cribiform plate and projects to the AOB. Here, axon terminals form synaptic connec-
tions with mitral cells in spherical neuropil structures called glomeruli (Dulac and Torello,
2003). In contrast to the MOS, one glomerulus receives input from more than one type
of VSN (Wagner et al., 2006). At least two subpopulations of VSNs can be discriminated
by their location in the sensory epithelium and furthermore by the receptor type and sig-
4
Introduction 1.3 Olfactory signaling mechanisms
naling molecules they express. Somata of apical VSNs are located closer to the luminal
side. They express type 1 vomeronasal receptors and project their axons to the anterior
AOB. The somata of basal VSNs are found in the basal layer of the sensory epithelium.
These cells are characterized by the expression of type 2 vomeronasal receptors and ax-
onal projections to the posterior part of the AOB (Fig. 1.4) (Jia and Halpern, 1996; Del
Punta et al., 2002). Mitral cells in the AOB project to higher brain centers such as medial
amygdala (MeA), bed nucleus of the stria terminalis (BNST), nucleus of the accessory
olfactory tract (NAOT) (Dulac and Wagner, 2006; Licht and Meredith, 1987; Meredith,
1998) and hypothalamus (Cowan et al., 1965; Petrovich et al., 2001), regions which are
involved in behavioral and neuroendocrine output.
1.3 Olfactory signaling mechanisms
1.3.1 Chemoreceptors
Odorant receptors (ORs)
Odorant receptors (ORs) are expressed by OSNs located in the MOE. Each mammalian
OSN expresses one out of ~1,100 OR genes (Buck and Axel, 1991; Chess et al., 1994;
Magklara et al., 2011). ORs are G protein-coupled receptors (GPCRs) that show a typical
seven-transmembrane topolgy with an extracellular amino terminus and an intracellu-
lar carboxy terminus. Based on sequence similarities, odorant receptors belong to the
rhodopsin-receptor like family (family A) of GPCRs. With over 1,000 members, it repre-
sents the largest gene family in the genome (Buck and Axel, 1991; Zhang and Firestein,
2002). Similarity of the amino-acid sequences within the OR family reaches from 40% to
over 90%. Variability is highest in the third, fourth and fifth transmembrane region. Thus,
these domains are most likely involved in controlling ligand accessibility to the receptor
binding pocket (Zhang and Firestein, 2002; Mombaerts, 2004). Mammalian OR genes are
divided into two phylogenetic groups: class I and class II (Niimura and Nei, 2007). OSNs
expressing class I and class II ORs project their axons to distinct and spatially segregated
glomerular domains in the MOB (Bozza et al., 2009; Pacifico et al., 2012). Each OSN
expresses only one functional OR, termed as the “one neuron - one receptor” rule (Mom-
baerts, 2004; Serizawa et al., 2004). This exclusive expression is regulated via a negative
feedback mechanism originating from the OR gene product (Serizawa et al., 2003).
Trace amine-associated receptors (TAARs)
Trace amine-associated receptors (TAARs) form a second class of chemoreceptors in the
MOE (Liberles and Buck, 2006). This evolutionary highly conserved family of GPCRs
is found in most vertebrates, including humans (Lindemann et al., 2005; Hashiguchi and
Nishida, 2007). TAARs are expressed in a small subset of OSNs (0.1%). These neurons
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coexpress Gaolf (Liberles and Buck, 2006) and project to a region in the dorso-caudal MOB
that is distinct from the target region of class I or class II ORs (Johnson et al., 2012; Paci-
fico et al., 2012; Dewan et al., 2013). In the mouse, 14 out of 15 TAAR genes are expressed
in the MOS (Liberles and Buck, 2006), serving as specific and highly sensitive chemore-
ceptors for volatile amines (Ferrero et al., 2011, 2012; Pacifico et al., 2012; Dewan et al.,
2013; Zhang et al., 2013). It has been postulated that TAARs are activated in the sub-
picomolar range and that responses are mediated by the canonical olfactory signal trans-
duction cascade (Zhang et al., 2013). Known TAAR ligands, such as b-phenylethylamine,
are derived from predator urine suggesting a natural avoidance behavior upon detection
of trace amounts of these signals (Liberles and Buck, 2006; Ferrero et al., 2011).
Receptor guanylyl cyclase D
An additional family of receptors in the MOE are receptor guanylyl cyclases. One member,
receptor guanylyl cyclase D (GC-D), is expressed predominantly in the ciliary compart-
ment of less than 0.1% of OSNs (Fülle et al., 1995; Juilfs et al., 1997). GC-D does not
share the typical seven transmembrane topology of ORs and TAARs. The GC-D receptor
consists of three functional domains: an extracellular receptor domain, an intracellular reg-
ulatory domain and an intracellular catalytic domain that generates the second messenger
cyclic guanosine-monophosphate (cGMP) (Fülle et al., 1995). Activation of the receptor
for example with the natriuretic peptides uroguanylin and guanilyn leads to elevation of
intracellular cGMP (Forte, 2004; Leinders-Zufall et al., 2007), subsequent regulation of the
cGMP-stimulated phosphodiesterase 2 (PDE2) and the cGMP-gated channel subunit A3
(CNGA3) (Juilfs et al., 1997; Meyer et al., 2000). GC-D neurons detect near-atmospheric
levels of CO2 (Hu et al., 2007) and project their axons to the necklace glomeruli that ring
the caudal part of the MOB (Shinoda et al., 1989; Leinders-Zufall et al., 2007; Cockerham
et al., 2009; Munger et al., 2010).
Vomeronasal receptors type 1 (V1Rs)
Vomeronasal receptors type 1 (V1Rs) are expressed in a monoallelic fashion by VSNs in the
more apical layer of the sensory epithelium (Dulac and Axel, 1995; Rodriguez et al., 1999).
Their axons project to the anterior part of the AOB, where they form several glomeruli. A
further characteristic of V1R expressing VSNs is that they specifically express the signal
transduction G protein Gai2 (Halpern et al., 1995; Berghard and Buck, 1996). V1Rs belong
to the family A of GPCRs and, like ORs and TAARs, possess a short extracellular N-
terminus. V1Rs are encoded by an intron-free region and show a clustered chromosomal
organization scattered on different chromosomes. They comprise a family of 137 genes
and over 150 pseudogenes. The V1r family is divided into 12 subfamilies (V1ra-l). Wach
subfamily consists of 1-30 members and intrafamiliar sequence identity lies at more than
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40%. In contrast, interfamily sequence identity is less than 15% (Rodriguez et al., 2002). To
date, only little is known about V1R function as only one receptor-ligand pair is described
in the literature (Boschat et al., 2002). In this study, V1rb2 (synonym: Vmn1R49) was
genetically targeted to express a fluorescent marker protein (green fluorescent protein,
GFP) alongside the receptor. Ca2+ imaging and electrophysiological recordings revealed
activation of V1rb2 by 2-heptanone, a male urinary pheromone that extends the oestrus
cycle of female mice (Novotny, 2003).
Vomeronasal receptors type 2 (V2Rs)
Vomeronasal receptors type 2 (V2Rs) are expressed by VSNs located in the basal layer
of the VNO, which project their axons to the posterior part of the AOB (Herrada and
Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997). V2Rs are members
of the family C of GPCRs characterized by a long hydrophobic extracellular N-terminus
(Mombaerts, 2004). V2Rs show coexpression with Gao (Halpern et al., 1995; Berghard
and Buck, 1996) and, in mice, comprise a family of ~120 genes and approximately 160
pseudogenes (Yang et al., 2005; Young and Hammock, 2007; Silvotti et al., 2007). Intact
V2R genes are divided into four distinct families (V2ra-d) with families A, B and D
representing 95% of all V2Rs. Family C V2Rs, also called V2R2s, are highly divergent from
the other families as they resemble mammalian Ca2+ sensors (Ryba and Tirindelli, 1997;
Martini et al., 2001). In addition, family-C receptors are coexpressed in all basal VSNs
and thus form an exception of the monoallelic receptor expression pattern and the “one-
neuron - one-receptor” rule valid for all V1R genes (Belluscio et al., 1998; Rodriguez et al.,
1999; Bozza et al., 2002). A subpopulation of V2R expressing vomeronasal sensory neurons
expresses members of the H2-Mv multigene family that encodes nonclassical MHC class I
genes (Ishii et al., 2003; Loconto et al., 2003). The large and highly variable extracellular
domain of V2Rs most likely forms the ligand-binding site. Several studies have shown that
V2R expressing sensory neurons are activated by non-volatile peptides or proteins. These
are derived for example from urine, skin, scent glands or secretions from reproductive
organs. Due to their non-volatile nature, direct physical contact between the nose and the
stimulus source is necessary for activation of V2R expressing neurons (Leinders-Zufall et
al., 2004; Kimoto et al., 2005; Chamero et al., 2007; Leinders-Zufall et al., 2009; Haga et
al., 2010).
Formyl peptide receptors (FPRs)
The formyl peptide receptors (FPRs) belong to the family A of GPCRs. Adjacent to a
stretch of more than 30 V1/2r genes, Fprs form a single cluster on chromosome 17 (Gao
et al., 1999; Migeotte et al., 2006). They comprise 7 members, 5 of which (FPR-rs1, rs3,
rs4, rs6 and rs7 ) are predominantly or exclusively expressed in subsets of VSNs (Liberles
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et al., 2009; Rivière et al., 2009; Chamero et al., 2012).
Figure 1.5: Unrooted phylogenetic tree of
the Fpr gene family. The vomeronasal FPRs
are increased in size. FPR2 and FPR-rs5 are iden-
tified by asterisks, representing pseudogenes in
the C57BL/6 mouse strain (adapted from Rivière
et al., 2009).
Interestingly, while Fpr-rs1 is coex-
pressed with Gao in basal sensory neurons,
the remaining vomeronasal Fpr-rs genes
all coexpress Gai2 in the apical layer of
the VNO neuroepithelium (Liberles et al.,
2009; Munger et al., 2009; Rivière et al.,
2009). Vomeronasal FPRs have a seven-
transmembrane topology, show a selective
punctate and monogenic expression and
are localized in the microvillous dendritic
VSN endings (Liberles et al., 2009; Rivière
et al., 2009), strongly suggesting a func-
tional role in vomeronasal chemosignaling.
Highly expressed in immune cells such as
granulocytes and monocytes, FPR1 and
FPR-rs2 serve as key mediators of leukocyte chemotaxis (Rivière et al., 2009; He et al.,
2013). Here, they have crucial functions in host defense against pathogens by detecting
microbe- and / or host-derived inflammation-associated metabolites (Schiffmann et al.,
1975; Migeotte et al., 2006; Le et al., 2007). Mice deficient of FPR1 are characterized by
impaired resistance to bacteria (Listeria monocytogenes), have increased bacterial load
levels in spleen and liver and show increased mortality compared to wildtype littermates
(Gao et al., 1999). However, neither FPR1 nor FPR-rs2 were found transcribed in mouse
VSNs (Liberles et al., 2009; Rivière et al., 2009). In situ studies suggest activation of VSNs
by formylated peptides and other inflammatory modulators (Rivière et al., 2009; Chamero
et al., 2012) and heterologously expressed vomeronasal FPRs retain agonist spectra sim-
ilar to immune system FPRs (Rivière et al., 2009). However, a clear biological role of
vomeronasal FPRs remains to be determined.
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1.3.2 Activators of the accessory olfactory system
The term “pheromone” was first introduced by Karlson and Lüscher in 1959 and is derived
from the two greek words “pherein” (to carry or to transfer) and “hormon” (to excite or
stimulate). Pheromones are defined as ’substances, which are secreted to the outside by
an individual of one species and elicit a specific response in a second individual of the
same species’ (Karlson and Lüscher, 1959). They are found in a vast range of species,
from single-cell organisms to mammals (Bassler, 2002). Several types of pheromones are
distinguished: releaser pheromones elicit an immediate intraspecific behavioral response,
such as aggression. In contrast, primer pheromones induce delayed and longer lasting
intraspecific changes of the endocrine state or development. Kairomones form another
group of semiochemicals including substances that are released by an individual of a species
different than that of the receiver (Tirindelli et al., 2009). Among the first described
primer pheromones are a- and b-farnesene and 3,4-Dehydro-exo-brevicomin. These volatile
compounds are secreted into urine and accelerate puberty in prepubescent female mice
by promoting uterus growth (Novotny et al., 1999b). Sources for pheromones in mice
are bodily fluids such as saliva, tears, urine, vaginal secretions and other scent secretions
(Novotny et al., 1986, 1999b; Kimoto et al., 2005). Among those, urine is the best described
source of both small volatile pheromones (Novotny et al., 1986, 1999b; Leinders-Zufall et
al., 2000; Lin et al., 2005) and larger nonvolatile peptides or proteins (Cavaggioni and
Mucignat-Caretta, 2000; Chamero et al., 2007; Cheetham et al., 2007; Logan et al., 2008).
Major urinary proteins (MUPs) are produced in the liver and secreted into urine in a
testosterone- and growth hormone-dependent manner (Finlayson et al., 1965; Szoka and
Paigen, 1978; Logan et al., 2008). Mouse urine contains protein concentrations as high as
30 mg/ml (Armstrong et al., 2005) indicating a substantial and irreversible investment in
protein synthesis (Beynon et al., 2001). The mouse reference genome encodes 21 functional
Mups (Fig. 1.6), 15 of which are highly similar with differences as small as one single amino
acid (Logan et al., 2008; Mudge et al., 2008; Kaur et al., 2014). Each mouse strain emits
its unique MUP profile and male inbred lab mice stably express an identical code of 4-12
MUPs throughout their lifetime (Robertson et al., 1997).
Figure 1.6: Genomic representation of the Mup gene cluster. Colored arrows indicate
genes expressed by C57BL/6J (top panel) or BALB/cByJ (bottom panel) strains. The asterisk
(*) indicates the Q159K MUP10 allelic variant present in BALB/cByJ; all other MUPs have
the same amino acid sequences between the two strains (adapted from Kaur et al., 2014).
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MUPs are 19-24 kD members of the lipocalin family with a b-barrel structure (Fig. 1.7)
bearing a hydrophobic binding pocket (calyx) for small organic volatile substances in their
center (Timm et al., 2001; Sharrow et al., 2002). This binding pocket extends the potency of
a chemical cue by providing protection against chemical degradation, for example through
oxidation (Hurst et al., 1998; Beynon and Hurst, 2004).
Figure 1.7: Ribbon diagram illustrating the
binding of 6-hydroxy-6-methyl-3-heptanone
(HMH) in the central calyx of the b-barrel
structure of MUP1 (adapted from Timm et
al., 2001). HMH is a volatile compound found
enriched in male mouse urine (Novotny et al.,
1999a).
MUPs act as transport vehicles of
volatile cues into the otherwise inacces-
sible mucus-filled VNO lumen (Meredith
and O’Connell, 1979) and promote a slow
release of bound chemicals (Hurst et al.,
1998; Novotny et al., 1999b). But not only
the volatile compounds bound by MUPs
induce pheromonal activity. MUPs them-
selves promote behaviors such as male ter-
ritorial aggression (Chamero et al., 2007),
conditioned place preference (Roberts et
al., 2012) or female attraction (Roberts et
al., 2010). Furthermore, MUPs are involved
in territorial countermarking behavior as
male mice increase their marking when en-
countering MUP-containing urine fractions
(Hurst et al., 2001). Moreover, MUPs in-
duce interspecific defensive behavior medi-
ated by the vomeronasal organ (Papes et al., 2010).
In addition to urinary proteins and peptides, exocrine gland secreting peptides (ESPs)
have been described as activators of the VNO (Kimoto et al., 2005; Ferrero et al., 2013).
The Esp gene family consists of 38 members clustered on chromosome 17. They code for 7-
10 kDa peptides that are secreted into mouse saliva and tear fluid (Kimoto et al., 2007). In
a recent study, the male specific pheromone ESP1 was described as a specific activator of
Vmnr2r116 (synonym: V2Rp5). ESP1 induces lordosis behavior in female mice, a posture
in which the female curves its spine and thus enhances sexual reception (Haga et al., 2010).
The juvenile pheromone ESP22 is produced by prepubescent mice and secreted into their
tear fluid. Here, ESP22 serves as a highly specific stimulus for basal VSNs and exerts an
inhibitory effect on adult male mating behavior towards the young (Ferrero et al., 2013).
Another class of V2R activating macromolecules found in mouse urine are major histo-
compatibility complex class I (MHC class I) peptides (Leinders-Zufall et al., 2004, 2009).
These peptides are originally described in studies of the immune system, where their
main function is to present intracellular pathogenic peptides to T-lymphocytes (Mor-
rison et al., 1986). In the VNO the classical Ia MHC molecules show coexpression with
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b2-microglobulin (Sturm et al., 2013). Here, the detection of MHC peptides enables to rec-
ognize genetic individuality which controls selective pregnancy failures, termed as Bruce
effect (Bruce, 1959; Brennan, 2004; Kelliher et al., 2006). The Bruce effect describes a
phenomenon in which a recently copulated female comes in contact with the odor of an
unfamiliar male mouse. The fertilized eggs will fail to implant in the uterine wall, and
thus, pregnancy is blocked (Brennan, 2004). Mating leads to the formation of an olfactory
memory in female mice specific to the MHC class I peptide profile of the mating part-
ner (Kaba and Nakanishi, 1995; Binns and Brennan, 2005). This effect demonstrates that
MHC peptides intrinsically alter reproductive behavior (Stowers and Marton, 2005).
1.3.3 Signaling pathways
Signaling in olfactory sensory neurons
Binding of an olfactory ligand to the binding pocket of an OR triggers a signal trans-
duction cascade that converts chemical energy into an electrical signal. Signaling in the
MOS follows a combinatorial code, as each odor activates multiple receptors and each
receptor detects several odor molecules (Krautwurst et al., 1998; Zhao, 1998; Malnic et
al., 1999). Today, the individual steps of the olfactory signal transduction are well un-
derstood (Fig. 1.8): Binding of an odorant molecule leads to a change in the receptor
protein conformation in transmembrane domains 3 and 6. This induces the interaction of
the receptor with the olfactory-specific heterotrimeric guanosine-5’-triphosphate (GTP)-
binding protein Golf (Jones and Reed, 1988; Belluscio et al., 1998). The G-protein disso-
ciates into the membrane bound Gbg-complex and the freely diffusible active GTP-bound
Gaolf subunit (Jones and Reed, 1988; Belluscio et al., 1998). Gaolf, in turn, activates an
adenylate cyclase type III (AC III) (Bakalyar and Reed, 1990; Wong et al., 2000) which
hydrolizes adenosine-triphosphate (ATP) into the second messenger cyclic adenosine-3’,5’-
monophsphate (cAMP) (Dhallan et al., 1990; Brunet et al., 1996; Bönigk et al., 1999; Lin
et al., 2004). The increase of cAMP in the ciliary compartment opens the cyclic nucleotide-
gated (CNG) channel (Liman and Buck, 1994; Pifferi et al., 2006) triggering Na+ and Ca2+
influx into the cell, and thus elicits a depolarization of the cell membrane (Nakamura and
Gold, 1987; Firestein and Werblin, 1989; Zufall et al., 1994; Kleene, 2008). Ca2+ enter-
ing through the CNG channel subsequently activates a calcium-activated chloride channel
(CaCC) boosting the membrane depolarization by an efflux of Cl- (Kurahashi and Yau,
1993; Lowe and Gold, 1993). The identity of the CaCC in OSNs was discovered recently
as anoctamin 2 (ANO2), also known as TMEM16B (member of the transmembrane 16
group of proteins) (Reisert et al., 2003, 2005; Pifferi et al., 2009; Stephan et al., 2009;
Rasche et al., 2010; Billig et al., 2011). The outward-directed Cl- current results in an
additional depolarization that eventually leads to action potential (AP) firing (Firestein,
2001). These APs propagate along the OSN axon to mitral/tufted cells in the MOB.
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Figure 1.8: Schematic diagram of the signal transduction cascade of canonical
OSNs. The binding of an odorant to the OR activates an associated heterotrimeric G-protein
by exchanging its bound GDP for GTP. The Gaolf subunit dissociates from the Gbg -complex
and activates the adenylate cyclase (AC III) which hydrolizes ATP to cAMP. The cAMP, in
turn, opens a CNG channel leading to a Na+ and Ca2+ influx. The entering Ca2+ ions acti-
vate Cl- channels and an outward-directed Cl- current further depolarizes the cell membrane
(adapted from Spehr et al., 2006b).
Signaling in vomeronasal sensory neurons
The transformation of molecular cues into electrical signals in VSNs is not yet fully
understood, but several signal transduction pathways have been proposed (Brann et al.,
2002; Spehr et al., 2002; Lucas et al., 2003; Chamero et al., 2012). According to current
models, there are differences in transduction mechanisms between OSNs and VSNs. Al-
though neurons of both systems respond to stimulation with an elevation of intracellular
Ca2+ and a subsequent generation of APs that are propagated to the MOB and AOB,
respectively, the molecular mechanism of signal transduction in VSNs remains largely un-
clear. All studies confirm a dichotomic distribution of G-protein expression in the VNO,
showing that Gai2 and Gao are coexpressed with vomeronasal receptors in apical and basal
VSNs, respectively (Halpern et al., 1995; Berghard and Buck, 1996; Chamero et al., 2011).
In general, the following signal transduction concept has been proposed (Fig. 1.9): A spe-
cific ligand binds to the binding pocket of a vomeronasal receptor located in the microvilli
membrane leading to an activation of either Gai2 or Gao. The activated G-protein induces
catalytic activity of the effector enzyme phospholipase Cb (PLCb) (Krieger et al., 1999;
Holy, 2000; Leinders-Zufall et al., 2000; Spehr et al., 2002). Activated PLCb hydrolyzes
phosphatidylinositol-4,5-bisphosphate (PIP2) into inositol-1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). Both, IP3 and DAG as well as polyunsaturated fatty acids (PU-
FAs; DAG metabolites, e.g. arachidonic acid) have been proposed to gate the transient
receptor potential cation channel, subfamily C, member 2 (TRPC2) in VSNs (Brann et al.,
2002; Spehr et al., 2002; Lucas et al., 2003). TRPC2 acts as an unselective cation channel
conducting Na+ and Ca2+ ions and is abundantly expressed in VSN microvilli (Liman et
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al., 1999). TRPC2-deficient mice show strong defects in VNO-mediated social and sexual
behaviors, suggesting an important role in VNO signaling (Leypold et al., 2002; Stowers
et al., 2002). Investigations of electrical responses in TRPC2-deficient VSNs, however, re-
sulted in somewhat controversial results reaching from completely abolished (Stowers et
al., 2002) to only reduced responses (Leypold et al., 2002; Kelliher et al., 2006). Neverthe-
less, the role of Ca2+ as an important second messenger in VNO signaling is clear. Just
recently, ANO1 and ANO2 were found to be highly expressed in the microvillous layer of
the sensory epithelium (Dibattista et al., 2012), suggesting a role of these CaCCs as ampli-
fiers of primary receptor currents in VSN signal transduction (Yang and Delay, 2010; Kim
et al., 2011). Supporting the role of Ca2+ as a crucial second messenger molecule, a Ca2+-
Figure 1.9: Schematic diagram of the proposed signal transduction cascade of
VSNs. The binding of a ligand to the vomeronasal receptor (of either the V1R or V2R
family) activates an associated trimeric G-protein by exchanging its bound GDP for GTP.
The Gai/o -subunit, together with the bound GTP, dissociates from the Gbg -complex. The
Gai/o subunit, in turn, activates PLCb which catalyzes the reaction from PIP2 to DAG and
IP3. DAG presumably opens a TRPC2 channel which acts as an unselective cation channel,
leading to the influx of Na+ and Ca2+ . Ca2+ then possibly activates chloride channels that
lead to a Cl- efflux and thus increase the depolarization (adapted from Spehr et al., 2006b).
calmodulin feedback mechanism involved in vomeronasal signal adaption was described
recently (Spehr et al., 2009). Moreover, stimulation of VSNs with urine opens calcium-
activated large-conductance potassium channels (BK) (Ukhanov et al., 2007; Zhang et al.,
2008). Taken together, several components of the vomeronasal signal transduction cascade
have been described, but the exact underlying mechanisms remain, to date, unclear.
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1.4 Calcium-activated chloride channels
Channels permeable to anions are present in a vast array of different cells. As for chloride
being the most abundant anion in organisms these channels are referred to as Cl- channels,
even though they might also conduct other anions like for example I- or NO3- (Jentsch et
al., 2002). Cl- channels serve key roles in elementary cellular processes such as volume reg-
ulation, excitability, contraction and transepithelial fluid transport (Jentsch et al., 2002).
The molecular identity of many of the channel proteins regulating these different functions
is still unknown. An overall classification of the plethora of different Cl- channels is made
on the basis of their activation and regulation mechanism: cAMP-dependent phosphory-
lation, changes in membrane potential or cell volume, and activation through transmitter
molecules or intracellular Ca2+ elevations (Galietta, 2009). A cAMP-activated channel
found in epithelial cells is highly conductive for Cl- is the cystic fibrosis transmembrane
conductance regulator (CFTR), its name being based on the perturbed Cl- transport in
cystic fibrosis patients (Schwiebert et al., 1999). ClC-1, member of the CLC family in
skeletal muscle, stabilizes the resting membrane potential of skeletal muscle cells and, ac-
cordingly, loss of ClC-1 function leads to myotonia, an intrinsic musle hyperexcitability
(Aromataris and Rychkov, 2006). The intracellular chloride concentration determines the
response to the neurotransmitters glycine and gamma aminobutyric acid (GABA). These
transmitters activate ligand-gated Cl- channels (glycine, GABAA and GABAC receptors)
and induce either influx or efflux of Cl-, depending on its electrochemical gradient (Jentsch
et al., 2002).
Figure 1.10: CaCCs are involved in many different physiological processes. Activa-
tion of CaCCs in epithelial cells leads to efflux of Cl- and subsequent outward-directed water
and Na+ transport. Intracellular Ca2+ increase in smooth muscle cells activates CaCCs boost-
ing depolarization through the resulting Cl- efflux, which, in turn, recruits further voltage-
dependent Ca2+ channels potentiating muscle contraction. Moreover, CaCCs are involved in
phototransduction mechanisms and regulation of neuronal excitability (Galietta, 2009).
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Cl- currents activated by Ca2+ were first described in Xenopus laevis oocytes (Miledi,
1982; Barish, 1983) and in salamander photoreceptors (Bader et al., 1982) more than 30
years ago. Today, it is clear that CaCCs are involved in many physiological processes
(Fig. 1.10). Among these are epithelial secretion mechanisms (Kunzelmann et al., 2007),
contribution to spike afterdepolarization in neurons of the dorsal root ganglion (De Castro
et al., 1997), induction of apoptosis mechanisms in T lymphocytes (Szabò et al., 1998) or in
retinal phototransduction (Lalonde et al., 2008). The first recordings of calcium-activated
chloride currents (ICl,Ca) in OSNs have been performed in the early 1990s (Kleene, 1993;
Lowe and Gold, 1993). However, it took another 25 years to reveal the molecular identity
of the channel protein responsible for the Cl- current in OSNs. This had several reasons:
Xenopus laevis oocytes were used as the most common expression system. Unfortunately,
these cells show large intrinsic ICl,Ca and thus turned out to be an inapt expression sys-
tem (Hartzell et al., 2005). In addition, lack of pharmacological blockers specific enough
to differentiate CaCC from other Cl- channels limited possibilities (White and Aylwin,
1990; Hartzell et al., 2005). Promising molecular candidates were Cl- channels activated
by Ca2+ (CLCA) (Cunningham et al., 1995) as they showed Ca2+-dependent currents in
a heterologous expression system (Elble et al., 1997). However, differences in Ca2+ and
voltage sensitivity between CLCA-mediated Cl- currents and those of the native ICl,Ca
(Eggermont, 2004) and the lack of CLCA expression in some CaCC expressing cells (Pa-
passotiriou et al., 2001) excluded CLCA channels. Later studies assigned hCLCA1 and
mCLCA3 a role as cell adhesion molecules (Gibson et al., 2005). Another candidate for the
native CaCC was the bestrophin protein family. Like classical CaCCs, bestrophin channels
are directly gated by Ca2+ without the involvement of kinases and heterologous expression
of bestrophins from several species suggested a function as Cl- channels (Qu et al., 2003;
Tsunenari et al., 2003). However, the voltage-dependent kinetics and outward rectification
typical for native ICl,Ca was not observed in hBest1 or mBest2 (Qu et al., 2004). It was in
2008, when three research groups independently revealed the molecular identity of CaCC
as anoctamin 1 (ANO1, TMEM16A) (Fig. 1.11) (Caputo et al., 2008; Schroeder et al.,
2008; Yang et al., 2008). The recent discovery of anoctamins (synonym: TMEM16 (trans-
membrane protein 16)) as CaCCs was a breakthrough as the identification gives closer
insight to many diseases linked to perturbed chloride transport, e.g. cystic fibrosis (Rock
et al., 2009). The name anoctamins is derived from their selectivity to conduct anions and
their eight transmembrane (octamer) topology. The molecular structure of ANO1 is based
on hydropathy analysis suggesting eight transmembrane domains and N- and C-termini
lying on the intracellular side. The channel pore is formed by the reentrant loop between
transmembrane 5 and 6 (Fig. 1.11) (Yang et al., 2008). The ANO1-mediated current reca-
pitulates the properties of endogenous ICl,Ca: Currents induced by endothelin-1 recorded
in ANO1-transfected HEK cells (Yang et al., 2008), uncaging of the second messenger
IP3 in transfected axolotl oocytes (Schroeder et al., 2008) or the influx of Cl- induced by
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Figure 1.11: The Anoctamin family of calcium-activated chloride channels. (A)
Phylogenetic tree depicting the 10 members of the anoctamin family in human. Scale bar,
0.1 nucleotide substitutions per site. (B) Predicted topology of mouse ANO1 with 8 trans-
membrane domains and intracellular N- and C-termini. The region between transmembrane
domain 5 and 6 is not fully extracellular and may form the reentrant loop that constitutes
part of the channel pore (Yang et al., 2008).
uridine 5´-triphosphate (Caputo et al., 2008) pointed to ANO1 as the molecular corre-
late for the endogenous ICl,Ca. The anoctamin family consists of ten members (ANO1-10;
TMEM16A-K) with relatively high sequence homology (60%) between ANO1 and ANO2
and only 20-40% sequence identity between the other members (Fig. 1.11) (Hartzell et
al., 2009). These sequence homologies raise the question if other anoctamins also function
as CaCCs. Heterologous expression studies with ANO2 (TMEM16B) as a close paralog
to ANO1 attributed the role as carrier of the chloride current in OSNs (Stephan et al.,
2009). ANO2 is highly expressed in cilia of OSNs (Stephan et al., 2009; Hengl et al., 2010;
Rasche et al., 2010) and the electrophysiological properties of ANO2-mediated currents
found in heterologous expression systems are strongly reminiscent of the native ICl,Ca
(Sagheddu et al., 2010). However, a study by Billig and colleagues argues against the im-
portance of ANO2 as the predominant CaCC in olfactory neurons (Billig et al., 2011).
In ANO2-deficient mice, Cl- currents recorded from dissociated neurons were drastically
reduced and field potential recordings of the olfactory epithelium were decreased. More-
over, mice showed nearly normal olfactory sensitivity behavior in discrimination tasks
using high-concentrated odors (Billig et al., 2011). These controversial results obtained
with ANO2-deficient mice question its role in olfactory signal transduction and suggest
the involvement of other compensatory signaling proteins, possibly other anoctamins.
16
Materials and Methods
2 Materials and Methods
2.1 Equipment
Amplifier EPC-10 HEKA Elektronik
Binocular eyepiece S4E Leica Microsystems
Centrifuge mini spin Eppendorf AG
Hot plate magnetic stirrer Snijders
Cell culture bench Thermo Scientific
Cryostat CM 1950 Leica Microsystems
Microforge MF-830 Narishige
Micromanipulator Luigs-Neumann Device SM-5 Luigs & Neumann
Micropipette puller PC-10 vertical two-step puller Narishige
Microscope Leica DMI 4000B Leica Microsystems
Microscope Leica CSM DM 6000 SP5 Leica Microsystems
Noise eliminator 50/60 Hz (HumBug) Quest Scientific
Objectives
10x (N PLAN 10x/0.25 PH1) Leica Microsystems
20x (HCX APO L20x/1.00 W), (HCX PL FL 20x/0.50) Leica Microsystems
40x (N PLAN L 40x/0.55 CORR PH2) Leica Microsystems
63x (HCX PL APO 63x/1.40-0.60 OIL) Leica Microsystems
Oscilloscope TDS 1001B Tektronik
Osmometer osmomat 030 Gonotec
Perfusion system 8-in-1 AutoMate Scientific
pH Meter five easy Mettler Toledo
pH electrode InLab routine (for solutions) Mettler Toledo
PCR-Cycler Mastercycler ep gradient S Eppendorf
Polychromator (Visichrome) Visitron Systems
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Recording chamber Slice mini chamber Luigs & Neumann
Thermomixer with Thermoblock Eppendorf
Trigger interface TIB-14 S HEKA Elektronik
Vibratome VT 1000 S Leica Microsystems
Water bath Memmert
2.2 Chemicals and inhibitors
Agarose (lowmelt) PeqLab
w-Agatoxin IVA Tocris
4-Aminopyridine (4-AP) Sigma Aldrich
ATP (Mg-ATP) Sigma Aldrich
Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) Sigma Aldrich
Cadmium chloride Sigma Aldrich
Calcium chloride Sigma Aldrich
Cesium chloride Sigma Aldrich
w-conotoxin GVIA Abcam
Dimethyl sulfoxide (DMSO) Sigma Aldrich
DirectPCR® Lysis Reagent Tail Peqlab
DMEM (Dulbecco’s Modified Eagle Medium) Life Technologies
Ethanol VWR/Merck
Ethylene diamine tetraacetic acid (EDTA) Sigma Aldrich
Ethylene glycol tetraacetic acid (EGTA) Sigma Aldrich
Fluo-4 Invitrogen GmbH
Fura-2/AM Invitrogen GmbH
Glucose Sigma Aldrich
GTP (Na-GTP) Sigma Aldrich
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(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) AppliChem
Magnesium chloride Sigma Aldrich
Mirus TransIT-LT1 transfection reagent Mirus BIO
Nifedipine Tocris
Penicillin/streptavidin Life Technologies
PFA (paraformaldehyde) Sigma Aldrich
Potassium chloride Sigma Aldrich
Potassium hydroxide Sigma Aldrich
Proteinase K AppliChem
Sodium chloride Sigma Aldrich
Sodium hydrogen carbonate Sigma Aldrich
Sodium hydroxide AppliChem
SYBR Green Master Mix Applied Biosystems
Tetraethylammonium (TEA) Sigma Aldrich
Tetrodotoxin (TTX) Alomone Labs
Triton-X 100 Sigma Aldrich
Trypsin Life Technologies
2.3 Solutions and buffers
(1) HEPES-buffered extracellular solution (S1):
145 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.3 (adjusted
with NaOH); osmolarity = 300 mosmol (adjusted with glucose)
(2) Bicarbonate-buffered oxygenated (95% O2 / 5% CO2) extracellular solution (S2):
120 mM NaCl, 25 mM NaHCO3, 5 mM KCl, 1 mM CaCl2, 1 mM MgSO4, 5 mM BES,
pH 7.3; osmolarity = 300 mosmol (adjusted with glucose)
(3) Elevated potassium extracellular solution (S3):
100 mM NaCl, 50 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.3; osmo-
larity = 300 mosmol (adjusted with glucose)
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(4) TEA extracellular solution (S4) for isolating Ca2+ currents:
105 mM NaCl, 25 mM TEACl, 5 mM BaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM 4-AP,
pH 7.3; osmolarity = 300 mosmol (adjusted with glucose)
(5) TEA + 4-AP extracellular solution (S5) for isolating Nav currents:
115 mM NaCl, 25 mM TEACl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM 4-AP,
pH 7.3; osmolarity = 300 mosmol (adjusted with glucose)
(6) 1 mM TEA extracellular solution (S6) for isolating Kv currents:
144 mM NaCl, 5 mM KCl, 1 mM TEACl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES,
pH 7.3; osmolarity = 300 mosmol (adjusted with glucose)
(7) 1 mM TEA + 4-AP extracellular solution (S7) for isolating Kv currents:
134 mM NaCl, 5 mM KCl, 1 mM TEACl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES,
10 mM 4-AP, pH 7.3; osmolarity = 300 mosmol (adjusted with glucose)
(8) 25 mM TEA + 4-AP extracellular solution (S8) for isolating Kv currents:
110 mM NaCl, 5 mM KCl, 25 mM TEACl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES,
10 mM 4-AP, pH 7.3; osmolarity = 300 mosmol (adjusted with glucose)
(9) Ca2+-free extracellular solution (S9) for calibration:
110 mM NaCl, 40 mM NaOH, 5 mM KCl, 1 mM MgCl2, 10 mM HEPES, 10 mM EGTA,
pH 7.3; osmolarity = 300 mosmol (adjusted with glucose)
(10) Saturated Ca2+ extracellular solution (S10) for calibration:
125 mM NaCl, 5 mM KCl, 10 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.3; osmo-
larity = 300 mosmol (adjusted with glucose)
(11) 10 mM TEA extracellular solution (S11) for isolating CaCCs:
124 mM NaCl, 15 mM TEACl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.3;
osmolarity = 300 mosmol (adjusted with glucose)
(12) Low chloride extracellular solution (S12) for isolating CaCCs:
119 mM NaGluc, 15 mM TEACl, 1 mM CaGluc, 1 mM MgGluc, 5 mM CsCl, 10 mM
HEPES, pH 7.3; osmolarity = 300 mosmol (adjusted with glucose)
(13) Potassium-based pipette solution (I1):
143 mM KCl, 10 mM HEPES, 2 mM KOH, 0.3 mM CaCl2, 1 mM EGTA (110 nM free
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Ca2+), 1 mM MgATP, 1 mM NaGTP; pH = 7.1 (adjusted with KOH); osmolarity = 290
mosmol (adjusted with glucose)
(14) Cesium-based pipette solution (I2):
133 mM CsCl, 10 mM NaCl, 10 mM HEPES, 2 mM CsOH, 0.3 mM CaCl2, 1 mM EGTA
(110 nM free Ca2+), 1 mM MgATP, 1 mM NaGTP; pH = 7.1 (adjusted with CsOH);
osmolarity = 290 mosmol (adjusted with glucose)
(15) Phosphate-buffered saline (PBS):
150 Tris-HCl, 50 NaCl; pH = 7.4 (adjusted with NaOH); osmolarity = 300 mosmol (ad-
justed with glucose)
(16) 0.05% Triton-X 100 washing solution: 500 ml Triton-X 100/l in PBS-/-
(17) Blocking solution: 100 ml PBS, 1 g Gelatine, 2% fetal bovine serum, 0.2% Triton-X
(18) 50 x TAE (Tris-acetate) buffer:
242 g/l Tris, 100 ml 0.5 M Na2EDTA, 57.1 ml glacial acetic acid
2.4 Antibodies and sera
Primary antibodies
rabbit anti-V2R2 kindly provided by
Roberto Tirindelli
rabbit anti-FPR-rs3 kindly provided by
Ivan Rodriguez
Secondary antibodies
goat anti-rabbit Alexafi Fluor488 Molecular Probes
goat anti-rabbit Alexafi Fluor633 Molecular Probes
(FBS) Fetal bovine serum Life Technologies
2.5 Consumables
Borosilicate glass capillaries with filament and firepolished
ends (1.50 mm OD / 0.86 mm ID)
Science Products
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Coverslips (round, 30 mm) Hecht-Assistent
Eppendorf tubes, 0.5 ml Eppendorf AG
Eppendorf tubes 1.5 ml Eppendorf AG
Pasteur pipettes VWR International
Cell culture bottles BD Bioscience
Cell culture dishes (35 x 10 mm) Falcon
Cell culture dishes (145 x 20 mm) Falcon
Filter IC Acrodisc 13 mm syringe filter with 0.2 mm Supor
(PES) membrane
Life Sciences
Filter Filtropur S 0.2 µm (for extracellular solutions) Sarstedt
Glass microscope slides ground edges frosted VWR International
Gloves gentle skin sensitive Meditrade
Syringe BD plastipak Becton Dickinson
15/50 ml tubes Sarstedt
2.6 Software
Corel Draw X6 Corel Corporation
Office 2013 Microsoft
Fitmaster 2.67 HEKA Elektronik
Igor 6.3 WaveMetrics Inc.
JPCalcW Barry, 1994
Leica LAS AF Leica Microsystems
MetaFluor Molecular Devices
Leica MM AF 1.4 Leica Microsystems
Patchmaster 2.67 HEKA Elektronik
Photoshop CS5 Adobe Corporation
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2.7 Cell lines
HEK293T DSMZ - Deutsche Sammlung
von Mikroorganismen und
Zellkulturen
2.8 Mouse strains
C57BL/6 Charles River
BALB/c Charles River
FPR-rs3-i-Venus kindly provided by Ivan
Rodriguez
OMP-GFP kindly provided by
Peter Mombaerts
Genotyping of FPR-rs3-i-Venus mice
FPR-rs3-i-Venus mice were backcrossed to C57BL/6J and kept hemizygous. To determine
the genotype we used the DirectPCR® Lysis Reagent Tail kit from Peqlab (Peqlab, Erlan-
gen, Germany). In short, a 0.5 cm tail piece was submerged in 250 µl lysis buffer with 5 µl
Proteinase K solution (AppliChem, Gatersleben, Germany). Lysis was performed in a 1.5
ml tube on a rotating thermoblock (Eppendorf, Germany) at 55°C for 5 - 16 h to complete
lysis. The lysate was incubated at 85°C for 45 min to heat-inactivate Proteinase K. For
DNA amplification, a standard polymerase chain reaction (PCR) protocol resulting in a
single band at approximately 850 bp was performed.
10 µl 10x PCR-Puffer Step Temperature Time
3 µl MgCl2 (50 mM) 1. Initialization 95°C 3 min
0.8 µl dNTPs (25 mM) 2. Denaturation 95°C 30 s
0.5 µl Taq Polymerase (2.5 U) 3. Annealing 60°C 30 s
1 µl tail lysate 4. Elongation 72°C 1 min
0.3 µl Primer FPR-rs3-i-Venus_fwd 5. Final elongation 72°C 5 min
0.3 µl Primer FPR-rs3-i-Venus_rev 6. Cooling 4°C end
ad 50 µl Aqua dest. 35 cycles (steps 2-4)
23
Materials and Methods 2.11 Molecular cloning
2.9 Primers
Ano1-C_fwd GCAAGCTTACCATGAGGGTCCCCGAGAAGTACTCG
Ano1-C_rev GCGAATTCCCAGCGCGTCCCCATGGTACTCG
Ano2-C_fwd GCGAATTCCACTTTCACGACAACCAGAGGAAAGTC
Ano2-C_rev GCGAATTCTACATTGGTGTGCTGGGAC
Ano2-N_fwd TTGCGGCCGCTCACTTTCACGACAACCAGAGGAAAGTC
Ano2-N_rev TTAGCGGCCGCTACATTGGTGTGCTGGGAC
FPR-rs3-i-Venus_fwd AGGTGTCATCGTAAACGACCA
FPR-rs3-i-Venus_rev CAGGACACAAGTACAACGATCC
2.10 Plasmids
ANO1-GFP kindly provided by Björn Schröder
ANO2-GFP kindly provided by Haiqing Zhao
2.11 Molecular cloning
2.11.1 Chemical transformation
Heatshock transformation is suitable for chemically competent E. coli K12 / DH5-alpha.
It provides a fast and simple method to transfer DNA into cells. 50 µl competent E. coli
bacteria (New England Biolabs, Ipswich, Maryland) were mixed with 1-5 µl DNA sample
(containing 1-100 ng DNA) and incubated on ice for 30 min. Heatshock was performed at
42°C for 30 s and samples were chilled on ice afterwards.
2.11.2 Plasmid purification using Qiagen Plasmid Maxi Kit
The Qiagen plasmid purification Kit uses gravity-flow anion-exchange tips for efficient
purification of plasmid DNA under appropriate low-salt and pH conditions. A single colony
was picked from a freshly streaked selective plate and a starter culture of 2 ml LB medium
containing the appropriately selective antibiotic was inoculated. The starter culture is
incubated for 8 h at 37°C by vigorous shaking (300 rpm). The starter culture was then
diluted 1 : 500 into selective LB-medium and incubated at 37°C for 12-16 h by vigorous
shaking. Next, bacterial cells were harvested by centrifugation at 6000 x g for 15 min
at 4°C. The pellet was resuspended in 10 ml of lysis buffer P1. 10 ml of neutralization
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buffer P2 was added and the whole lysate was thoroughly mixed by inverting the tube 4-6
times. The lysate was incubated for 5 min at room temperature (RT). Subsequently, 10
ml of chilled Buffer P3 was added, mixed immediately by inverting the tube 4-6 times and
incubated for 20 min on ice. The lysate was then centrifuged at 20,000 x g for 30 min at
4°C. The supernatant containing plasmid DNA was removed. Meanwhile, the Qiagen-tip
column had to be equilibrated with 10 ml Buffer QBT. The supernatant containing plasmid
DNA was applied to the column and entered the resin by gravity flow. Before eluting the
plasmid DNA with 15 ml prewarmed QF, the column was washed twice with 30 ml of
Buffer QC to remove all contaminants. The eluted DNA was precipitated by adding 0.7
volumes of RT isopropanol and immediately centrifuged at 15,000 x g for 30 min. The
DNA pellet was washed with 70% ethanol to remove precipitated salt and centrifuged
again for 10 min at 15,000 x g. Finally the DNA pellet was air-dried and dissolved in a
suitable volume of buffer or RNAse free water.
2.11.3 Determination of nucleic acid concentration
To determine DNA concentrations, suitable sample dilutions were prepared and analyzed
by monitoring absorbance at a wavelength of 260 nm using a BioPhotometer Plus (Eppen-
dorf, Germany). Concentrations of the samples were calculated according to the following
formula: OD260 = 1 equates to 50 µg/ml double-stranded DNA or 40 µg/ml single-stranded
DNA or RNA.
2.11.4 Polymerase chain reaction (PCR)
The PCR technique has become the standard technology to amplify single or few copies of
DNA (Mullis et al., 1986). The method relies on temperature-dependent modifications of
the inserted DNA template. Short oligonucleotides (primers), highly specific to the flanking
regions of the target DNA sequence, are introduced to the reaction and allow amplification
of the particular region. A series of temperature steps (denaturation, annealing, elongation)
in presence of a DNA polymerase and magnesium leads to an exponential amplification
of the DNA region between the two primers. Heat-stable Taq DNA polymerase isolated
from the bacterium Thermus aquaticus catalyzes the polymerization of nucelotides into
duplex DNA strands in the 5’ -> 3’ direction. The annealing temperature of primers
is calculated based on their nucleotide content using the following equation: 𝑇𝑎𝑛𝑛𝑒𝑎𝑙 =
2°C · (𝐴+ 𝑇 ) + 4°C · (𝐺+ 𝐶).
2.11.5 DNA restriction
Restriction enzymes, found naturally in bacteria, are used to cut DNA fragments at spe-
cific sequences or in close proximity. This allows to cut out specific nucleotide sequences
and ligate them in plasmids or modify them, a technique generally referred to as genetic
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engineering. Activity of restriction endonucleases is strongly dependent on temperature,
pH level and salt composition of the reaction solution. Usually, a 2- to 10-fold excess of
enzyme over DNA template (0.1 to 0.5 µg) in a small volume of around 20 µl is used for
digestion. 1 unit of restriction enzyme cuts approximately 1 µg DNA per hour in a volume
of 50 µl at a temperature of 37°C.
2.11.6 Ligation
T4 DNA ligase catalyzes the formation of phosphodiester bonds between double-stranded
DNAs with 3’ hydroxyl and 5’ phosphate termini in the presence of ATP. For the ligation
reaction, 100-200 ng vector (pcDNA3.1+, Life Technologies) was used and 2-15 ml purified
fragment was added. Both DNA molecules were incubated in a 20 µl volume containing 2
µl 5x ligation buffer and 1 µl ligase (5 U) overnight at 4-20°C.
2.11.7 Agarose gelelectrophoresis
To determine the size of DNA fragments amplified with PCR or linearized DNA after en-
donucleatic restriction, agarose gelelectrophoresis technique was used. Agarose gels (~1%)
containing GelRed (5 µl/100 ml) were prepared, DNA samples diluted with loading buffer
and filled into in the wells of the gel. The gels were run in a gel chamber filled with 1
x TAE buffer at an electric field strength of approximately 10 V/cm. GelRed interca-
lates into DNA and makes it visible under UV-light (312 nm). To mark the size of DNA
fragments a 1 kB DNA ladder (Gene Ruler 1 kb Plus, Thermo Scientific) was used.
2.12 Cell culture
2.12.1 Cultivation of HEK293T cells
HEK293T is a human cell line derived from cultured embryonic kidney cells by trans-
formation with sheared adenovirus 5 DNA (Graham et al., 1977). HEK293T cells were
cultivated to a confluency of at least 80% in DMEM-Medium (Dulbecco´s Modified Eagle
Medium) with 10% fetal bovine serum and 1% Penicillin/streptavidin added at 37°C with
5% CO2 and 95% humidity. When grown to a sufficient confluency, cells were splitted as
follows: First, cells were washed with prewarmed PBS-/-. After adding 500 µg/l trypsin
and 200 µg/l EDTA (0.5 M, pH 8.0), cells were incubated for at least 60 seconds. When all
cells were detached from the surface, the suspension was centrifuged for 5 min at 500 rpm
and the pellet was resuspended in 10 ml prewarmed DMEM. Cells were then disseminated
on custom made glass plates in a ratio between 1:5 and 1:20, according to experimental
design.
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2.12.2 Transient transfection of HEK293T cells
Cells were transfected 24 - 48 h after dissemination and at a confluency of 50 to 70%. For
transfection, a volume of 250 µl DMEM-Medium without FBS was mixed with 5 µl Mirus
TransIT®-LT1 transfection reagent and 0.5 - 2 µg of plasmid DNA. After incubating for
20 min, the solution was given in drops onto the cells and distributed by gently moving
the culture dish. At least 24 h after transfection experiments were conducted.
2.13 Animal preparation
All animal procedures were in compliance with local and European Union legislation on the
protection of animals used for experimental purposes (Directive 86/609/EEC) and with
recommendations put forward by the Federation of European Laboratory Animal Science
Associations (FELASA). Mice were housed in groups of both sexes at room temperature on
a 12 h light/dark cycle with food and water available ad libitum. Experimental procedures
used young adults of either sex for VNO electrophysiological experiments.
2.13.1 Preparation of coronal VNO acute vibratome slices
Mice were sacrificed by brief exposure to CO2 followed by decapitation using sharp surgical
scissors. The lower jaw and the soft palate were removed allowing access to the vomeronasal
capsule. After removal of the cartilage, the dissected VNO was embedded in 4% low-gelling
temperature agarose and coronal slices (150 - 200 µm) were cut in ice-cold oxygenated
extracellular solution (S2) with a Leica VT1000S vibratome (speed: 3.5 a.u. = 0.15 mm/s;
frequency: 7.5 a.u. = 75 Hz; amplitude: 0.6 mm; Leica Biosystems, Nussloch, Germany).
The acute slices were transferred to a storage chamber and submerged in oxygenated and
chilled S2 until use.
2.13.2 Cryosections of the vomeronasal organ
For preparation of cryosections, the VNO was fixed for 2 h in 4% paraformaldehyde diluted
in PBS at 4°C, decalcified overnight in 0.5 M EDTA at 4°C and cryoprotected in PBS
containing 30% sucrose at 4°C. The dehydrated VNO was embedded in Tissue Freezing
Medium and sectioned at 20 µm on a Leica CM1950 cryostat.
2.14 Immunohistochemistry
Blocking was performed for 1 h in PBS containing 2% goat serum, 1% gelatine and 0.2%
Triton X-100 (S17). Sections were then incubated overnight at 4°C with primary antibody
sera (1:500 rabbit anti-V2R2; 1:200 rabbit anti-FPR-rs3) in blocking solution, washed in
PBS containing 0.05% Triton-X 100 (3 x 10 min, 1 x 30 min), and incubated for 1 h with
Alexa® Fluor secondary antibodies (1:500). Excess antibodies were removed by washing
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in PBS containing 0.05% Triton-X 100 (3 x 10 min, 1 x 30 min). To control for nonspecific
staining, experiments in which the primary antibodies were omitted were performed in
parallel with each procedure.
2.15 Electrophysiology
2.15.1 The patch-clamp technique
In 1976, Erwin Neher and Bert Sakmann developed the “patch-clamp technique” (Ne-
her and Sakmann, 1976; Hamill et al., 1981). This method allows measurement of ionic
currents through biological membranes and has since then become widely used in many
physiological laboratories. The underlying principle is the electrical isolation of a small
spot of cell membrane under the tip of a glass pipette. An electrode in the glass pipette
enables recording of ionic currents across the membrane of the cell that is tightly attached
to the pipette tip. This “seal” between the tip and the cell membrane leads to a high
electrical resistance and strongly reduces background noise. To form a tight connection,
a heat-polished glass pipette is positioned upon the cell surface. To avoid clogging of the
small pipette tip with surrounding debris, slight positive pressure is applied to the pipette
via a tube connected to a syringe. Upon releasing the positive pressure, the cell membrane
patch gets sucked into the tip resulting in increased pipette resistance. To form a very
tight connection, gentle suction increases the resistance to several gigaohms (“gigaseal”).
This allows tight-seal recordings in the “cell-attached” mode (Fig. 2.1).
Figure 2.1: Schematic presentation
of different patch-clamp configura-
tions. Depicted is the pipette tip with
part of the cell membrane. The cell-
attached and whole-cell configurations are
used to record currents from the entire
cell. To perform single channel record-
ings, the outside-out and inside-out con-
figurations can be obtained (adapted from
Hamill et al., 1981).
To attain the whole-cell configuration, the small membrane patch under the pipette
needs to be ruptured by a gentle suction pulse. Consequently, the membrane seal is broken
(“break-in”) which leads to mixture of cytoplasm and pipette solution. As the pipette so-
lution volume is much higher than the cytoplasmic volume of a single cell, the intracellular
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medium becomes almost instantaneously substituted with the predefined pipette solution.
This configuration allows the recording of ionic currents over the entire cell membrane with
defined ionic concentrations in the outer and inner cellular milieu (Fig. 2.1). The loose-seal
cell-attached or “loose-patch” configuration does not require a tight seal between pipette
and cell membrane (Perkins, 2006). This method allows recording of capacitive currents
during action potential discharge (Bean, 2007). Here, the level of invasiveness is minimized
as the cell membrane is not ruptured which leaves the intracellular medium unaltered.
To measure ionic currents and electrical events, a patch-clamp amplifier is used (Fig. 2.2).
It consists of two major components: The preamplifier (“headstage”) harboring the glass
pipette and the recording electrode, and the main amplifier that is controlled with a
computer. Recordings are based on a feedback mechanism that keeps the predetermined
membrane potential constant. A compensating inverted current is steadily generated by
the amplifier and injected into the cell through the recording electrode. This keeps the
membrane voltage at a constant level and prevents, e.g. the opening of voltage-gated ion
channels or the triggering of action potentials. The amplifier is connected to a computer
for online analysis of measured currents or events.
2.15.2 Electrophysiological recordings from VSNs
For electrophysiological recordings from VSNs, acute coronal VNO tissue slices were pre-
pared on a Leica VT1000S vibratome and transferred to a Slice Mini Chamber (Luigs &
Neumann, Ratingen, Germany). Slices are fixed on the bottom of the chamber using a
stainless steel anchor stringed with approximately 0.1 mm thick human hair. An upright
scanning confocal microscope (TCS SP5 DM6000CFS, Leica Microsystems) equipped with
a 20x / 1.0 NA water immersion objective (HCX APO L, Leica Microsystems) as well as
a cooled CCD-camera (DFC360FX, Leica Microsystems) was used to visualize VSNs. A
fluorescent lamp (Leica Microsystems) was used to visualize FPR-rs3-tauVENUS neurons.
Slices were continuously superfused with oxygenated S2 (~3 ml/min; gravity flow; RT).
Borosilicate glass capillaries (with filament, 1.50 mm OD / 0.86 mm ID) were pulled in two
stages with a PC-10 vertical two-step micropipette puller (heat 1: 62.0 a.u.; heat 2: 52.6
a.u.; 2 full weights). Pipette tips were heat-polished using a Narishige MF-830 microforge
(heat: 50 a.u.) for pipette resistance between 4 and 6 MW. Patch pipettes were filled with
pipette solution (S13 or S14 ) and mounted on an Ag/AgCl wire electrode connected to
the EPC-10 headstage (Fig. 2.2). Slight positive pressure was applied to the pipette before
entering the bath solution to prevent clogging of the tip with dirt or debris. Single neurons
were targeted under optical control using Luigs & Neumann micromanipulators.
An EPC-10 amplifier controlled by Patchmaster 2.67 software (HEKA Elektronik) was
used for data acquisition. Pipette and membrane capacitance as well as series resis-
tance were monitored and compensated. Only neurons exhibiting stable access resistances
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(change < 20%) were used for analysis. To minimize electrical network noise, a 50/60 Hz
noise eliminator (HumBug, Quest Scientific) is connected to the amplifier. Liquid junction
potentials were calculated using JPCalcW software (Barry, 1984) and corrected online.
Signals were low-pass filtered (analog 3- and 4-pole Bessel filters (–3 dB). For whole-cell
recordings of VSNs, the holding potential (Vhold) was set to –60 mV between recordings.
To prevent dialysis of intracellular components, action potential-driven capacitive currents
were recorded in “loose-seal” cell-attached configuration (seal resistance 30-150 MW) from
VSN somata located deep in the sensory epithelium’s basal layer close to the basement
membrane. To apply different extracellular solutions and stimuli, a pressure-driven 8-in-
1 perfusion system was used (AutoMate Scientific). Thereby, stimuli application can be
timed exactly by control of a TIB-14 S trigger interface board (HEKA Elektronik). All
electrophysiological data were recorded at room temperature.
Figure 2.2: Electrophysiology setup for recording from vomeronasal sensory neu-
rons in acute tissue slices. An upright confocal scanning microscope (Leica TCS SP5
DM6000CFS) with a CCD-camera (CCD, DFC360FX, Leica Microsystems) used for visual-
ization of tissue slices. The microscope is equipped with peripheral experimental devices: a
patch-clamp amplifier headstage (probe) and a perfusion system opposite to the headstage
for precise stimulus application (pp). External devices for electrophysiological recordings and
Ca2+ imaging include a patch-clamp amplifier (amp, HEKA EPC-10), trigger interface board
(TIB, HEKA TIB 14S), an oscilloscope (osci) and a fluorescent light source (fluo, Leica Mi-
crosystems). Both probe and perfusion are mounted on a Luigs-Neumann device (LN) for
micromanipulator-controlled movement. The setup is equipped with a confocal laser for en-
hanced fluorescence microscopy applications (confocal).
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2.15.3 Whole-cell recordings from HEK293T cells
HEK293T cells cultured on glass plates were used to perform whole-cell patch-clamp exper-
iments. Recordings were performed on cells either transfected with a vector (pcDNA3.1+,
Life Technologies) coding for an anoctamin (ANO1 or ANO2) or on untransfected control
cells. For the experiments, glass slides are mounted into custom made recording chambers.
An inverted microscope (DMI4000B, Leica Microsystems) equipped with an N PLAN 10x
/ 0.25 PH1 and an N PLAN 40x / 0.55 CORR PH2 objective as well as a cooled 12 bit 1392
x 1040 pixel monochrome CCD camera (CoolSnap EZ, Photometrics, Tucson) was used
to visualize HEK cells (Fig. 2.3). Transfected cells expressing a green fluorescent protein
were visualized with a Highspeed polychromator (Visitron Systems) at 480 nm excitation
wavelength. Patch pipettes were pulled as described above with pipette resistance between
4 and 6 MW. Pipettes were filled with a Cs+-based pipette solution (S13 ) and mounted
on an Ag/AgCl wire electrode connected to the EPC-10 headstage (HEKA Elektronik,
Lambrecht, Germany). To perform electrophysiological recordings with HEK cells, devices
and analysis methods were used as described above. All recordings were performed in the
whole-cell configuration at room temperature.
Figure 2.3: Electrophysiology setup for patch-clamp recordings and calcium imag-
ing experiments on cultured HEK cells. An inverted microscope (Leica DMI4000B) with
a CCD-camera (CCD) used for visualization of HEK293T cells. The microscope is equipped
with peripheral experimental devices: a patch-clamp amplifier headstage (probe) and a per-
fusion system opposite to the headstage for precise stimulus application. External devices
for electrophysiological recordings and Ca2+ imaging include a patch-clamp amplifier (amp,
HEKA EPC-10), trigger interface board (TIB, HEKA TIB 14S), a noise eliminator (hum,
Quest Scientific Humbug) a polychromator (poly, Visitron Systems) and a micromanipulator
device (micro, Luigs-Neumann SM-5).
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2.15.4 Pulse protocols for data acquisition
Measurement of the membrane time constant (t membrane ):
Injection of -10 pA to hyperpolarize the cell. The membrane time
constant t describes the time that an exponentially decreasing
process takes to decline to 1𝑒 (~36.8%) of its initial value.
Current-clamp IV step protocol: Stepwise depolarization (2
pA intervals; 1 s duration) to induce voltage sags and action po-
tential firing.
Activation recording protocol in voltage-clamp mode for
voltage-activated Na+ currents: The cell is depolarized from
-120 mV to +70 mV (5 mV intervals; 30 ms duration).
Inactivation recording protocol in voltage-clamp mode for
voltage-activated Na+ currents: The cell is depolarized from
-120 mV to +20 mV in a stepwise manner (5 mV intervals; 30 ms
duration) before a strongly depolarizing activation step (+20 mV
for 30 ms).
Activation recording protocol in voltage-clamp mode for
voltage-activated K+ and Ca2+ currents: The cell is depo-
larized from -100 mV to +85 mV in a stepwise manner (5 mV
intervals; 100 ms duration).
Activation recording protocol in voltage-clamp mode for
transient voltage-activated Ca2+ currents: The cell is de-
polarized from -100 mV to +45 mV in a stepwise manner (5 mV
intervals; 100 ms duration).
Inactivation recording protocol in voltage-clamp mode for
transient voltage-activated Ca2+ currents: The cell is depo-
larized from -100 mV to +45 mV with a preceding depolarizing
step at -25 mV (5 mV intervals; 100 ms duration).
Ramp recording protocol in voltage-clamp mode for Cl-
currents: The cell is gradually depolarized from -100 mV to +100
mV; 500 ms duration
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2.16 Ca2+ imaging
2.16.1 Ratiometric Ca2+ imaging in HEK293T cells
HEK293T cells, cultivated on 35 mm glass-bottom dishes, were loaded with fura-2/AM
(3 µM; Invitrogen) for 30 min at room temperature. Dye-loaded cells were washed in S1
and transferred to the stage of an inverted microscope (Leica DMI4000B, Leica Microsys-
tems, Wetzlar, Germany). The setup is equipped for ratiometric live-cell imaging with
a Visichrome polychromator system (Visitron Systems, Puchheim) for multi-wavelength
excitation, a 12 bit 1392 x 1040 pixel monochrome CCD camera (CoolSnap EZ, Photo-
metrics, Tucson), and LAS MMAF imaging software (Leica Microsystems). 10 - 30 cells
in randomly selected fields of view were analyzed at 20x magnification and illuminated
sequentially at 340 nm and 380 nm (cycle time 1000 ms). Stimuli were applied with
a custom-made pressure-driven 7-in-1 perfusion system connected to a trigger interface
board (TIB14, HEKA Elektronik). The average pixel intensity within a user-selected re-
gion of interest (ROI) was digitized and stored. Ca2+-dependent fluorescence signals at 510
nm were calculated as the f340/f380 intensity ratio. In experiments designed to calculate
Ca2+ concentrations ([Ca2+]) integrated fluorescence signals from individual ROIs were
background subtracted and [Ca2+] was calculated according to Grynkiewicz et al. (1985).
2.16.2 Ratiometric Ca2+ imaging in dissociated VSNs
Increase of intracellular Ca2+ in dissociated VSNs was determined by ratiometric fura-2
fluorescence as previously described in (Chamero et al., 2007). Experiments were limited
to three stimuli to maintain viability of the neurons. Dissociated VSNs were sequentially
exposed to stimuli and response profiles were scored. Neural responses were scored if they
met all of the following criteria: (a) ≥1.5x increase in fluorescence ratio (over baseline
signal) during stimulus presentation, and (b) ≥1.5x increase in fluorescence ratio (over
baseline signal) response to the positive control stimulus, c) <1.5x (over baseline signal)
increase in fluorescence ratio outside the stimulus presentation window.
2.17 Countermarking behavior
Single 8-week-old BALB/cByJ male mice were housed overnight with a female and then
chronically paired with a non-sibling 7-week-old. All tests were carried out under red light.
On days 8-9, mice were habituated to the procedure room for 15 min, following which each
test mouse was moved to a new clean bedding-free cage lined with filter paper to habituate
to the test arena. After 5 min, the mice were returned to their home cage. On day 10,
countermarking response to odor stimuli was assayed by moving mice to a test arena lined
with filter paper with 50 µl stimulus pipetted onto the center. After 5 min, the mice were
returned to their home cage and the filter paper was collected for quantification. At least
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24 h were allowed between assays. To visualize urine marks, the filter paper was sprayed
with a 0.3% ninhydrin solution in acetone followed by baking at 100°C for 1-2 min, forming
a purple complex with urinary proteins. The urine blots were then digitally scanned and
the number of spots per sheet was quantified using NIH ImageJ. To discard marks made
from footsteps, only marks that were greater than 100 pixels in size were included in the
quantification. The stimulus spot, as well as any spots made by fecal matter, were also
omitted from quantification. On the first two days following habituation, each mouse was
tested with C57BL/6J male urine as a positive control and water as a negative control.
These controls were repeated again on two consecutive days at the end of the experiment.
Values in all figures represent number of marks on the first trial of the controls, which were
not significantly different from the final controls. For population analysis, total number of
marks to each stimulus was scored and only mice that showed at least a 1.5-fold increase
in marking to the positive control as compared to the water were included. All males were
screened and only the presumably dominant males, approximately 50% of tested mice, met
this criterion. If number of marks to water was 0, then countermarking to test stimulus
was considered to be more than half the number of marks deposited in response to the
positive control (C57BL/6J male urine). Some males were tested twice with the same
experimental stimulus, however positive and negative controls were also repeated in these
animals (from Kaur et al., 2014).
2.18 Data Analysis
2.18.1 Electrophysiological data analysis
All electrophysiological data are pooled results from experiments performed with at least
two animals/cell transfections on at least two different days. Offline analysis was per-
formed using different software (Patchmaster, Fitmaster, IGOR Pro, and Excel). If not
stated otherwise, results are presented as mean ± SEM and statistical analysis was per-
formed using paired or unpaired student’s t-tests or one-way ANOVA tests followed by
post-hoc Tukey tests (as dictated by data distribution and experimental design). Adequate
equations for fitting and analyzing the data, such as the line equation: 𝑦(𝑥) = 𝑎+ 𝑏𝑥; mo-
noexponential equation: 𝑦(𝑥) = 𝑦0 + 𝐴𝑒𝑥𝑝
{︁−(𝑥−𝑥0)
𝜏
}︁
; sigmoid equation: 𝑦(𝑥) = 𝑏𝑎𝑠𝑒 +⎧⎨⎩ 𝑚𝑎𝑥(︁1+𝑒𝑥𝑝(︁𝑥ℎ𝑎𝑙𝑓−𝑥
𝑟𝑎𝑡𝑒
)︁)︁
⎫⎬⎭ were used. For figurative presentation, stimulus artifacts in contin-
uous recordings of “loose-patch” experiments are corrected. For ramp protocol analysis,
five ramps prior to stimulation were averaged and subtracted from the peak amplitude
ramp after stimulation. To distinguish stimulus-dependent discharge from baseline noise
or random fluctuations in extracellular spike recordings, spikes were analyzed using Igor
Pro functions (SpAcAn, written by Guillaume Dugué and Charly Rousseau) for detection
and analysis of spontaneous events by a threshold/waveform detection algorithm. Inter-
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stimulus intervals were 30-60 s. Neuronal responses (or the lack thereof) were classified
according to a △𝑓 ≥2 x SD f (baseline) criterion.
2.18.2 Ca2+ imaging data analysis
Ratiometric Ca2+ imaging experiments using fura-2/AM were performed on adherent
HEK293T cells. Intracellular calcium concentrations were calculated using the equation
[𝐶𝑎2+] = 𝐾𝑑 ·
(︁
𝐹0
𝐹𝑠
·
[︁
(𝑅−𝑅𝑚𝑖𝑛)
(𝑅𝑚𝑎𝑥−𝑅)
]︁)︁
, where R is the experimentally derived fluorescence inten-
sity ratio (f340/f380), Rmin and Rmax are ratios measured using [Ca2+]zero and saturating
Ca2+ calibration solutions (S9 and S10), respectively. Kd is the fura-2 dissociation con-
stant (224 nM), and F0 and Fs are proportionality coefficients for free and Ca2+-bound
fura-2, respectively (measured at 380 nm excitation). Rmin and Rmax were determined in
intact cells by applying 5 µM ionomycin in [Ca2+]zero (10 mM EGTA) and saturating Ca2+
(10 mM Ca2+).
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For the vast majority of vertebrates, the sense of smell is a crucial sensory modality. The
olfactory system is characterized by remarkable sensitivity to a myriad of chemical cues
and several highly complex olfactory subsystems have evolved. The main olfactory sys-
tem allows detection and discrimination of thousands of generally volatile odor molecules
that enter through the nostrils, and thus come in contact with millions of sensory neurons
that cover the nasal epithelium. The vomeronasal organ comprises the peripheral sensory
structure of the accessory olfactory system. Here, pheromones activate sensory neurons
that encode information about sexual status, age, receptivity and social rank, eventu-
ally regulating the animal’s endocrine state. Animal behavior is primarily controlled by
chemosensory input, however, many fundamental regulating mechanisms remain, to date,
unknown.
The overall aim of my thesis is, therefore, to gain a more profound understanding of sen-
sory signaling mechanisms in the olfactory system. In three independent lines of research,
I aim to investigate a recently identified type of vomeronasal chemoreceptors, different
coding mechanisms in the VNO and, in a third project, the physiological role of CaCCs
in olfactory signal transduction. To experimentally target these issues, I will employ sev-
eral electrophysiological and imaging approaches as well as molecular and biochemical
techniques.
In the first project, my focus lies on the biophysical properties of a member of the
recently identified family of vomeronasal formyl peptide receptors (FPR-rs). In collab-
oration with Prof. Dr. Ivan Rodriguez from the University of Geneva, we will create a
transgenic mouse model that expresses a fluorescent marker together with a prototypical
FPR in sensory neurons of the VNO. Besides the histological description of the VNO in
this transgenic mouse model, we aim to provide a comparative in-depth analysis of FPR
expressing vomeronasal neurons. Using whole-cell patch-clamp recordings, I will analyze
both passive and active membrane properties and give a detailed characterization of several
types of voltage-activated conductances, as well as action potential discharge patterns.
Second, in collaboration with Prof. Dr. Lisa Stowers from the Scripps Research Institute,
I will investigate the coding mechanisms of VSNs with a defined group of activators. We
aim to reveal the response profiles of sensory neurons to recombinantly expressed MUPs
by performing extracellular patch-clamp recordings and Ca2+ imaging experiments. We
envisage to obtain significant new insight into how vomeronasal stimuli are detected and
processed, and eventually promote stereotypical behavioral patterns.
In the third part of this thesis, I will investigate the role of CaCCs in olfactory signal
transduction. Using electrophysiology and Ca2+ imaging approaches, I will contribute to
a study on potential heteromerization of anoctamins in OSNs, carried out in collaboration
with Prof. Dr. Eva M. Neuhaus from the University of Jena.
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3 Results
3.1 Characterization of FPR expressing cells in the VNO
The vomeronasal organ is the peripheral structure of the accessory olfactory system which
harbors the VSNs. These cells are highly sensitive chemoreceptors thought to primar-
ily detect semiochemicals and other social cues (Leinders-Zufall et al., 2000; Dulac and
Torello, 2003; Spehr et al., 2006b; Ferrero et al., 2013). To date, members of at least four
chemoreceptor gene families are expressed in VSNs: the V1r (Dulac and Axel, 1995) and
V2r (Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli, 1997)
families, with more than 100 functional members each, a few odorant receptors (Lévai et
al., 2006), and the recently discovered formyl peptide receptor-related sequence (Fpr-rs)
family of putative chemoreceptor genes (Liberles et al., 2009; Rivière et al., 2009). While
various neurophysiological properties of both V1R- and V2R-expressing neurons have been
described using genetically engineered mouse models (Boschat et al., 2002; Bozza et al.,
2002; Grosmaitre et al., 2006; Oka et al., 2006; Ukhanov et al., 2007; Leinders-Zufall et
al., 2009; Pacifico et al., 2012), the basic biophysical characteristics of the more recently
identified FPR-expressing vomeronasal neurons have not been studied. The majority of
the data presented in section 3.1 has recently been published (Ackels et al., 2014).
3.1.1 Generation and characterization of the Fpr-rs3-i-Venus transgenic mouse line
To analyze the biophysical properties inherent to a prototypical member of the FPR ex-
pressing neurons, we engineered transgenic mice that express Fpr-rs3-i-Venus in a subset
of OSNs. Using standard transgenic techniques, we generated a mouse strain in which
FPR-rs3 is coexpressed with tau-Venus, an enhanced variant of yellow fluorescent pro-
tein (Nagai et al., 2002) fused to the microtubule-associated protein tau (Fig. 3.1A). Four
founders were obtained. Two of them expressed the transgene in OSNs, and one of them
in VSNs. We focused our attention on this latter line, given its exclusive vomeronasal
expression pattern. Neither hemi-, nor homozygous Fpr-rs3-i-Venus mice from this line
showed any obvious aberrant phenotype.
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Figure 3.1: Generation and char-
acterization of the Fpr-rs3-i-Venus
transgenic mouse line. (A) Schematic
of the transgene that includes an OR pro-
moter/enhancer, followed by the coding
sequence of FPR-rs3 and a polycistron
that drives the tau-Venus fluorophore.
(B) Agarose gel electrophoresis used to
determine the genotype of hemizygous lit-
ters. A single band at approximately 850
bp identifies part of the coding sequence
of the Venus tag (tg+) that is absent in
wildtype animals (WT).
Figure 3.2: Immunohistological characterization of the Fpr-rs3-i-Venus transgenic
mouse line. (A) Confocal image of a coronal VNO cryosection showing sparsely distributed
fluorescent FPR-rs3+ VSNs (green) in the sensory epithelium. (B) Confocal image displaying
a coronal VNO cryosection immunostained with an antibody against V2R2 (red), a family-C
V2R expressed in the great majority of basal VSNs. (C) Overlay of FPR-rs3 tau-Venus fluo-
rescence and anti-V2R2 staining reveals no co-localization of apically located FPR-rs3+ and
basal V2R2+ neurons. (D) Higher magnification of the boxed area in (C) illustrating the ab-
sence of overlapping fluorescence. (E) Confocal image of a VNO cryosection showing distinct
green fluorescent FPR-rs3+ sensory neurons. (F) Confocal image displaying the same area
as in (E) stained against the FPR-rs3 protein (red). (G) Overlay of tau-Venus fluorescence
and antibody staining against the FPR-rs3 protein. Note that all transgene-positive cells also
express FPR-rs3 (yellow). Scale bars, 50 µm (A-C), 10 µm (D) and 20 µm (E-G) (Ackels et
al., 2014).
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We used standard PCR techniques to determine the genotype of transgenic mouse litters.
Agarose gel electrophoresis was performed depicting a single band at 850 bp resulting
from amplification of the tauVenus DNA sequence (Fig. 3.1B). In coronal VNO tissue
slices, a subpopulation of VSNs is fluorescently labeled (81 out of 11,416 neurons (~0.7%);
Fig. 3.2A,E) indicating expression of the Fpr-rs3-i-Venus transgene. Fluorescent neurons
are morphologically indistinguishable from unlabeled VSNs. Their somata appear to be
predominantly located in the apical layer of the neuroepithelium (Fig. 3.1A). Among the
five vomeronasal FPRs, FPR-rs3, 4, 6 and 7 are expressed in the more apical Gai2-positive
layer of the VNO sensory epithelium, whereas FPR-rs1 is located in more basal Gao-
expressing neurons (Liberles et al., 2009; Rivière et al., 2009). To investigate layer-specific
expression of the Fpr-rs3-i-Venus transgene, we immunostained coronal VNO cryosections
from hemizygous mice with an antibody against V2R2 (a-V2R2; specific for family-C V2Rs
that are broadly expressed in the great majority of basal VSNs; Fig. 3.2B-D) (Martini et
al., 2001; Silvotti et al., 2007). We never observed colabeling of transgene-expressing and
V2R2+ VSNs (n = 79) confirming layer-specific expression of the FPR-rs3 transgene in
apical VSNs. Immunostaining with an anti-FPR-rs3 antibody (Rivière et al., 2009; Dietschi
et al., 2013) revealed that all transgene-positive cells (n = 225) also express the FPR-rs3
protein (Fig. 3.2E-G). Some FPR-rs3-immunopositive neurons (199 out of 424 cells) did
not show detectable Venus fluorescence, consistent with the presence of VSNs endogenously
expressing FPR-rs3.
3.1.2 Passive membrane properties of FPR-rs3+ neurons
The passive membrane properties of a neuron determine its basic electrophysiological
characteristics and, thus, control its individual stimulus-response function. For FPR-rs
expressing vomeronasal neurons, these critical physiological parameters are unknown. Us-
ing Fpr-rs3-i-Venus mice, we performed whole-cell patch-clamp recordings from optically
identified, fluorescently labeled FPR-rs3 expressing neurons in acute VNO tissue slices
from mice of either sex (Fig. 3.3A,B). For quantitative comparison, we additionally per-
formed a series of control experiments in randomly chosen VSNs from C57BL/6 wildtype
mice. Passive membrane properties (i.e. input resistance (Rinput), membrane capacitance
(Cmem), and membrane time constant (t mem)) were obtained immediately after membrane
rupture.
Treated, to a first approximation, as a “biological constant” with a value of 1 µF/cm2
(Gentet et al., 2000), Cmem was determined using a square pulse (5 mV, 10 ms) routine.
Transgene-positive (FPR-rs3+) neurons revealed an average Cmem value of 5.96 ± 0.49
pF (n = 21), similar to data obtained from control VSNs (5.24 ± 0.38 pF; n = 21; Fig.
3.3C). We next determined Rinput at the VSN soma by measuring the steady-state voltage
response to a current step of defined amplitude. The average somatic Rinput of FPR-
rs3+ neurons was 3.15 ± 0.49 GW (n = 21; Fig. 3.3D). This large value resembles Rinput
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Figure 3.3: Passive membrane prop-
erties of FPR-rs3+ sensory neurons.
(A) Confocal image (maximum projec-
tion) of a 150 µm acute coronal VNO
tissue slice showing fluorescent FPR-rs3
tau-Venus+ neurons (green) in the sen-
sory epithelium. Fluorescent axon bundles
can be identified within the basal lam-
ina. (B) FPR-rs3 tau-Venus+ neurons ex-
hibit a single apical dendrite ending in a
knob-like structure at the luminal border.
Whole-cell patch-clamp recordings were
performed from the VSN soma. (C)Mem-
brane capacitance (Cmem ), (D) input re-
sistance (Rinput ), and (E)membrane time
constant (t mem ) are similar for both con-
trol and FPR-rs3+ neurons (n = 21). Data
are mean ± SEM. (BV) blood vessel, (L)
lumen, (PP) patch pipette, (SE) sensory
epithelium. Scale bars, 50 µm (A), 10 µm
(B) (Ackels et al., 2014).
measurements from control VSNs (3.29 ± 0.43 GW; n = 21), suggesting that FPR-rs3+
neurons share the extraordinary sensitivity of V1/2R-expressing VSNs (Liman and Corey,
1996; Shimazaki et al., 2006; Hagendorf et al., 2009). Linear passive voltage responses
were also used to estimate t mem from monoexponential fits to the voltage responses (from
onset to steady state). We obtained relatively slow t mem values of 26.79 ± 2.25 ms (n
= 21) in FPR-rs3+ neurons versus 24.29 ± 1.57 ms (n = 21) in control neurons (Fig.
3.3E). Together, these results describe different passive membrane parameters of FPR-
rs3+ neurons. Moreover, these data show that the passive electrical properties of FPR-rs3
expressing VSNs do not significantly differ from control neurons, suggesting (a) that FPR-
rs expressing VSNs are not segregated or isolated from the “general” VSN population; and
(b) that transgene expression per se does not perturb the passive biophysical properties
of FPR-rs3+neurons.
3.1.3 Spiking characteristics of FPR-rs3+ neurons
To investigate the active membrane properties, we examined the spiking behavior and
characteristics of FPR-rs3+ neurons. A hallmark of VSNs is that depolarizing current
injection of only a few picoamperes triggers repetitive action potential discharge (Liman
and Corey, 1996; Shimazaki et al., 2006). We here present that this also holds true for
FPR-rs3+ neurons (Fig. 3.4A). Current-clamp recordings from fluorescently labeled VSNs
show repetitive spiking in response to depolarizing current steps of 2-24 pA. Spontaneous
activity (measured at 0 pA injection) was 2.37 ± 0.54 Hz (n = 19) for FPR-rs3+ neurons
and 3.9 ± 1.08 Hz (n = 21) for control cells (Fig. 3.4B, inset). By plotting mean instan-
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taneous spike frequencies as a function of stationary current input (f -I curve; Fig. 3.4B),
response saturation at amplitudes >20 pA becomes apparent (fmax = 14.5 ± 0.88 Hz (n
= 19; FPR-rs3+ neurons) or 16.54 ± 1.17 Hz (n = 21; control VSNs)).
Figure 3.4: Spiking characteristics of FPR-rs3+VSNs. (A) Representative current
clamp traces showing de-/hyperpolarization and trains of (rebound) action potentials gener-
ated upon stepwise current injection. Note the spontaneous activity measured at 0 pA current
injection (Aii). Injection of negative current produces a prominent voltage “sag” most likely
mediated by activation of HCN channels (Aiii). (B) Firing frequency of control (n = 21)
and FPR-rs3+ (n = 19) neurons as a function of the injected current (Iinject). The gradual
increase in firing rate is similar for control and FPR-rs3+ VSNs. Inset: Spontaneous spiking
frequency at 0 pA current injection. Note that f -I curves have been “background-corrected”
using these values. (C) Average spike waveform illustrating analysis parameters (amplitude,
time-to-peak (TTP), full duration at half-maximum (FDHM) (Ci)). Amplitude analysis of
the first action potential for each current injection step shows no difference between control
and FPR-rs3+ cells (Cii). Both time-to-peak (Ciii) and spike width (FDHM) (Civ) are not
significantly different between control and FPR-rs3+ VSNs. Data are mean ± SEM (Ackels
et al., 2014).
Next, we examined several spiking parameters of FPR-rs3+ neurons. Fig. 3.4Ci depicts
an averaged spike waveform and shows schematically how different spike parameters were
analyzed: spike amplitude was measured as the threshold-to-peak distance, spike generat-
ing kinetics was measured as the time-to-peak (TTP) and spike duration was calculated
as the full duration at half-maximum (FDHM). All values were calculated using the first
spike of a given train of action potentials (see Fig. 3.4Ai). Our results reveal similar spike
amplitudes with an average of 72.24 ± 0.97 mV (n = 134) for FPR-rs3+ neurons and 73.92
± 0.87 mV (n = 172) for control neurons (Fig. 3.4Ci). Average TTP values were 2.29 ±
0.06 ms (FPR-rs3+ cells) and 2.33 ± 0.09 ms (control neurons), while FDHM was 3.65 ±
0.08 ms (FPR-rs3+ neurons) and 3.67 ± 0.12 ms (control VSNs), respectively. These data
show that FPR-rs3 expressing VSNs exhibit rather slow APs and, albeit an extraordinary
sensitivity, show a relatively narrow spike frequency coding range. Together, these active
membrane properties are shared by both FPR-rs3 expressing and control neurons.
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3.1.4 HCN-mediated currents of FPR-rs3+ neurons
Injection of negative current into FPR-rs3+ neurons results in a hyperpolarization-activated
rebound depolarization (“sag”; Fig. 3.5A), indicative of Ih currents and, thus, hyperpolari-
zation-activated cyclic nucleotide-gated (HCN) channel expression (Robinson and Siegel-
baum, 2003; Dibattista et al., 2008). Plotting the sag potential amplitude (DVsag; Fig.
3.5A) as a function of peak hyperpolarization reveals the threshold (< -75 mV) and volt-
age dependence of the sag (n = 5-23; Fig. 3.5B), likely corresponding to an increase in
HCN channel activation at more negative membrane potentials. A similar voltage depen-
dence was observed for control cells (n = 5-32). In both FPR-rs3+ and control VSNs, we
frequently observed rebound spikes upon repolarization (Fig. 3.5A).
Figure 3.5: HCN-mediated currents of
FPR-rs3+ neurons. (A) Upon hyperpolariz-
ing current injections (-16 pA) a voltage “sag”
can be detected. (B) DVsag (n = 3-32) plotted
as a function of the peak membrane hyperpolar-
ization (in 10 mV bins). DVsag values of control
and FPR-rs3+ neurons show no statistical differ-
ence (p > 0.01, two-tailed Student’s t-test). Data
are mean ± SEM (Ackels et al., 2014).
3.1.5 Voltage-gated Na+ currents in FPR-rs3+ neurons
In excitable cells, voltage-gated Na+ (NaV) channels are primarily responsible for AP ini-
tiation and impulse propagation. Upon membrane depolarization, NaV channels mediate
the rapid Na+ influx that underlies the upstroke of the AP. However, the electrophysi-
ological properties of the nine homologous members of the NaV channel family (NaV1.1
to NaV1.9) are not identical and even small differences in NaV channel expression can
have profound effects on electrical excitability (Hille, 2001). Therefore, we next focused
on macroscopic voltage-activated Na+ currents (INav) in FPR-rs3+ neurons. Stepwise de-
polarizations from -120 mV to +70 mV (30 ms duration; 5 mV increment) in absence and
presence of tetrodotoxin (TTX; Fig. 3.6Ai-ii) (Narahashi et al., 1966; Wu and Narahashi,
1988) allowed pharmacological isolation of the TTX-sensitive INav (Fig. 3.6Aiii). Plotting
peak INav density as a function of membrane depolarization, the current-voltage relation-
ship (Fig. 3.6B) reveals an activation threshold at approximately -65 mV and a maximum
current density of -136.7 ± 14.1 pA/pF (n = 10). Similar values were recorded from control
VSNs (maximum INav = -157.5 ± 17.4 pA/pF; n = 20). Fig. 3.6Ci illustrates the kinetics
of channel gating during a single depolarizing step in membrane potential (-30 mV). As
expected from relatively slow AP firing in FPR-rs3+ neurons (Fig. 3.4B), TTP analysis
of INav reveals relatively slow activation kinetics (1.86 ± 0.10 ms; n = 10; Fig. 3.6Cii).
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Figure 3.6: Voltage-gated Na+ currents in FPR-rs3+ neurons. (A) Representative
traces from whole-cell patch-clamp recordings of a TTX-sensitive fast activating Na+ cur-
rent in FPR-rs3+ VSNs. (Ai) Voltage step recording under control conditions (extracellular
solution S5 including TEA and 4-AP to block voltage-gated K+ currents) reveals a voltage-
dependent fast and transient inward current. (Aii) TTX treatment (1 µM) strongly reduces the
current. Digitally subtracted trace (control - TTX (Aiii)) reveals the TTX-sensitive voltage-
gated Na+ current. (B) Current-voltage relationships of TTX-sensitive Na+ currents isolated
from control and FPR-rs3+ neurons (control, n = 20; FPR-rs3+, n = 10; p > 0.01, two-tailed
Student’s t-test). (C) Example of a voltage-clamp recording showing the fast activating tran-
sient inward current used for upstroke kinetics analysis (Ci). Time-to-peak (TTP) of the fast
activating Na+ current upon depolarization to -30 mV (control, n = 20; FPR-rs3+, n = 10)
(Cii). (D) Representative traces showing Na+ channel steady-state inactivation under control
conditions (Di), in presence of TTX (Dii), and after digital subtraction (control - TTX (Diii)).
Prepulse steps from -120 mV to 0 mV were applied to analyze inactivation (Diii, inset). (E)
Normalized activation (Ei) and steady-state inactivation (Eii) curves (peak current versus
pulse / prepulse voltage). Data points were fitted using a sigmoidal Boltzmann-type equa-
tion. Membrane voltage inducing half-maximal activation and inactivation (V½) as indicated.
Data are mean ± SEM (Ackels et al., 2014).
Next, we examined the voltage-dependence of TTX-sensitive INav activation and in-
activation in FPR-rs3+ neurons (Fig. 3.6D, E). Fitting normalized peak INav amplitudes
versus voltage to a sigmoidal (Boltzmann) function demonstrates half-maximal current ac-
tivation upon depolarization to approximately -50 mV (V½ = 48.6 mV; n = 9; Fig. 3.6Ei).
Steady-state INav inactivation was analyzed upon depolarization to +20 mV, preceded by
prepulse steps to different potentials ranging from -120 mV to 0 mV (30 ms duration; 5 mV
increment; Fig. 3.6D). Again, offline subtraction of TTX-insensitive currents (Fig. 3.6Dii)
from control recordings (Fig. 3.6Di) allowed pharmacological isolation of TTX-sensitive
INav (Fig. 3.6Diii). Steady-state inactivation curves are derived from inverse sigmoidal fits
to normalized peak INav amplitudes versus prepulse voltage (Fig. 3.6Eii) and reveal half-
maximal inactivation upon depolarization to V½ = -25 mV (n = 10). Interestingly, at
voltages ranging from approximately -60 mV to -5 mV, activation and inactivation curves
overlap, suggesting coexpression of multiple NaV channel isoforms and/or a substantial
“window current”. Together, these results demonstrate that FPR-rs3+ VSNs express one
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or more NaV channel isoform(s) that exhibit relatively slow activation upon membrane
depolarization > -65 mV with half-maximal and complete activation at ~ -50 mV and -30
mV, respectively. Moreover, the slope of the steady-state inactivation curve is relatively
shallow, revealing that full channel inactivation only occurs at positive potentials. Since
all measured parameters are similar to data recorded from control VSNs, our data further
substantiate the notion that FPR-rs expressing neurons do not constitute a biophysically
segregated “outgroup” of VSNs.
3.1.6 Voltage-gated K+ currents and their role in action potential firing
To a large extent, voltage-gated potassium (KV) channels control electrical signaling in
excitable cells. Accordingly, the large and extended KV channel family is functionally di-
versified by alternative splicing, oligomeric subunit assembly, and subcellular targeting
(Jan and Jan, 2012). As KV channels are involved in regulating a wide range of neuronal
functions, such as setting the resting membrane potential, dictating the duration and/or
frequency of APs, volume regulation, etc., we next characterized KV channel-mediated
currents (IKv) in FPR-rs3+ neurons. Activated by depolarization, outward flux of K+ re-
polarizes the membrane and, thus, contributes to AP termination and, in some neurons,
afterhyperpolarization. To isolate different classes of IKv we used a pharmacological toolkit
of several well-described KV channel inhibitors (Alexander et al., 2013). Depending on con-
centration, tetraethylammonium (TEA) functions as a relatively selective inhibitor of big
conductance Ca2+-dependent K+ (BK) channels at low millimolar concentrations (Yellen,
1984), whereas substantially higher concentrations (25 mM) serve as a nonselective “broad-
band” KV channel blocker (Alexander et al., 2013). In addition, 4-aminopyridine (4-AP)
specifically blocks A-type K+ currents in various neurons (Mei et al., 1995; Amberg et al.,
2003). Under control conditions, stepwise depolarization from -100 to +85 mV (100 ms
duration; 5 mV increment) triggered large outward currents that essentially showed no sign
of inactivation (Fig. 3.7A, inset). When steady-state currents were plotted as a function
of depolarization, the resulting current-voltage relationship reveals IKv activation at ap-
proximately -30 mV (Fig. 3.7A). Linear regression from data points corresponding to full
activation (+60 mV - +85 mV) indicates IKv reversal at ~ -65 mV. When drug-sensitive cur-
rents were isolated by digital subtraction of blocker-insensitive from respective “control”
recordings (Figs. 3.7B-D, insets), the resulting current-voltage plots revealed no statisti-
cal differences between FPR-rs3+ neurons and control VSNs (Figs. 3.7B–D). Somewhat
surprisingly, currents isolated by 4-AP treatment did not show a pronounced transient
component typical for A-type K+ currents. Interestingly, summation of the individual
drug-sensitive IKv components added up to almost 100% of control currents (276.5 ± 31.1
pA/pF at +85 mV; n = 13; Fig. 3.7E) showing that a “cocktail” of 4-AP (10 mM) and
TEA (25 mM) is sufficient to block essentially all KV channels in FPR-rs3+ neurons. This
pharmacological profile was statistically indistinguishable from control VSNs.
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Figure 3.7: Voltage-gated K+ currents and their role in action potential firing.
(A) Voltage-activated outward K+ currents under control conditions (solution S1 including
TTX (1 µM) and Cd2+ (200 µM) to isolate K+ currents). Currents were induced by step-
wise depolarization and measured during steady-state. Current densities were calculated and
plotted against voltage (control, n = 10; FPR-rs3+, n = 13). (B) Outward currents sensi-
tive to 1 mM TEA (solution S6, control - TEA; digital subtraction; n = 10). (C) Outward
currents sensitive to 10 mM 4-AP (solution S7, control/TEA - 4-AP; digital subtraction; n
= 10). (D) Outward currents sensitive to 25 mM TEA (solution S8, control/TEA/4-AP -
TEA; digital subtraction; n = 10). (E) Quantification of outward currents. Maximum cur-
rent densities under control conditions (left bars) and added drug sensitive current densities.
(F) Representative spike waveform under control conditions (solution S1) and in presence of
TEA (1 mM) and 4-AP (10 mM) (Fi). Analysis parameters (amplitude, time-to-peak (TTP),
full duration at half-maximum (FDHM) and spike duration) are depicted schematically. Bar
graphs illustrate the quantification of discharge characteristics (Fii-v). * p < 0.01; two-way
ANOVA with Tukey’s multiple comparisons test. Data are mean ± SEM, number of cells as
depicted inside the bars (Ackels et al., 2014).
Next, we investigated how the pharmacologically different KV channel populations shape
AP discharge in FPR-rs3+ cells. Spikes were elicited and discharge parameters were an-
alyzed as described (Figs. 3.4D, 3.6Fi). VSNs were challenged with either TEA (1 mM)
or 4-AP (10 mM). Spike amplitude (Fig. 3.7Fii) was not altered by either drug. Both KV
channel inhibitors affected the upstroke dynamics (Fig. 3.7Fiii). However, while block of
putative BK channels by TEA (1 mM) accelerated the upstroke, inhibition of A-type cur-
rents prolonged the average TTP. 4-AP treatment also prolonged the spike width (FDHM)
and, consequently, spike duration (Fig. 3.7Fiv–v) whereas TEA did not elicit such effects.
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The effects of 4-AP are significantly more pronounced in FPR-rs3 expressing VSNs than
in control neurons (Fig. 3.7Fiii–v).
In summary, these data demonstrate that multiple KV channel subunits are expressed
in FPR-rs3+ neurons. These different channel populations synergistically shape the firing
properties of FPR-rs3 expressing VSNs. Moreover, with the notable exception of 4-AP-
sensitive channel function during discharge, the KV channel expression profile of FPR-rs3+
neurons is largely comparable to control VSNs.
3.1.7 Voltage-gated Ca2+ currents in FPR-rs3+ neurons
Voltage-gated Ca2+ (CaV) channels are integral constituents of a neuron’s Ca2+ signaling
toolkit (Berridge et al., 2003). As such, they are key signal transducers that transform
electrical impulses (depolarization) into a biochemically relevant signal (Ca2+ influx) that
regulates a wide variety of cellular events (Catterall, 2000; Clapham, 2007). We therefore
investigated CaV currents (ICav) in FPR-rs3+ neurons. The ten functional vertebrate CaV
channel subunits are divided into three subfamilies (CaV1 to CaV3) that differ in function
and regulation (Triggle et al., 2006). Both within and between subfamilies, individual CaV
channel isoforms are identified by their distinct biophysical properties and pharmacological
profiles (Catterall, 2000; Alexander et al., 2013).
Thus, we isolated transient (T-type) currents mediated by members of the CaV3 sub-
family by digital subtraction of ICav recorded in response to depolarizing voltage steps
(-100 mV to +45 mV; 100 ms duration; 5 mV increment) from two different prepulse
potentials (-100 mV and -25 mV, respectively; Fig. 3.8Ai, inset). Based on steady-state
inactivation of CaV3 channels at -25 mV (Catterall et al., 2005), the fraction of low voltage-
activated (LVA) Ca2+ channels becomes readily apparent after subtraction (Fig. 3.8Ai). As
expected, these T-type currents rapidly inactivate and the underlying activation and inac-
tivation kinetics become faster with increasing depolarization (Perez-Reyes et al., 1998).
The resulting current-voltage relationship (Fig. 3.8Aii) and normalized ICav activation
curve (sigmoidal fit; Fig. 3.8Aiii) demonstrate an activation threshold of -60 mV and half-
maximal current activation upon depolarization to -40 mV (V½ = -40.27 mV; n = 9),
values typical for T-type currents.
Next, we investigated functional expression of high voltage-activated (HVA) CaV chan-
nels in FPR-rs3+ neurons. All four members of the CaV1 subfamily are characterized
by both long-lasting and large (L-type) Ca2+ currents and high sensitivity to dihydropy-
ridines, such as nifedipine (Catterall et al., 2005). Therefore, to examine L-type ICav, we
recorded responses to depolarizing voltage steps (-100 mV to +85 mV; 100 ms duration;
5 mV increment) and isolated nifedipine-sensitive currents by digital subtraction (Fig.
3.8Bi). As expected for L-type currents, isolated ICav shows relatively slow, though lasting
activation upon depolarization ≥ -45 mV (Fig. 3.8Bii). Half-maximal activation is observed
upon more pronounced depolarization (V½ = -26.06 mV; n = 7; Fig. 3.8Biii).
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Figure 3.8: Voltage-gated Ca2+ currents in FPR-rs3+ neurons. (A-D) Representa-
tive Ca2+ current traces isolated either biophysically (prepulse inactivation protocol; (Ai ))
or pharmacologically (nifedipine (10 µM) (Bi ); w-conotoxin-GVIA (2 µM) (Ci ); w-agatoxin
IVA (200 nM) (Di)). Step protocols as indicated. Absolute (Aii - Dii ) and normalized (Aiii -
Diii ) peak current densities are plotted as a function of membrane depolarization. Activation
curves (Aiii - Diii ) are fitted according to a sigmoidal Boltzmann-type equation. Membrane
voltage inducing half-maximal activation (V‰) as indicated. Data are mean ± SEM; * p <
0.01, two-tailed Student’s t-test (Ackels et al., 2014).
Members of the CaV2 subfamily of HVA Ca2+ channels are selectively sensitive to pep-
tide neurotoxins from spider and cone snail venoms (Catterall, 2000). Using w-conotoxin-
GVIA, we next isolated conotoxin-sensitive N-type ICav from FPR-rs3+ neurons (Fig.
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3.8Ci). N-type currents activate upon depolarizations ≥ -40 mV (Fig. 3.8Cii). At approx-
imately -25 mV, N-type ICav is half-maximally activated (V‰ = -25.46 mV; n = 7; Fig.
3.8Ciii). Surprisingly, recordings from control VSNs reveal substantially larger conotoxin-
sensitive currents (Fig. 3.8Cii - iii). While T-and L-type ICav in FPR-rs3+ VSNs did not
significantly differ from control neurons, maximum N-type current density was -24.05 ±
2.37 pA/pF in fluorescently labeled cells (n = 7), but -36.96 ± 6.50 pA/pF in control VSNs
(n = 8). Moreover, half-maximal activation in controls was shifted to more positive values
(V‰ = -19.24 mV; n = 8; Fig. 3.8Ciii). A slight, though also significant difference between
FPR-rs3+ and control neurons was observed for P/Q-type Ca2+ currents that were phar-
macologically isolated using w-agatoxin IVA (Randall and Tsien, 1995; Catterall, 2011).
P/Q-type currents revealed relatively slow activation and slight inactivation. Compared
to control recordings, both the current-voltage relationship (Fig. 3.8Dii) and the sigmoidal
activation curve (Fig. 3.8Diii) of P/Q-type ICav in FPR-rs3+ neurons was left-shifted to
more negative potentials. Maximum current density, however, did not significantly differ
between FPR-rs3+ VSNs (-29.50 ± 3.31 pA/pF; n = 8) and control neurons (-31.46 ±
4.34 pA/pF; n = 5). In summary, the above data show that FPR-rs3+ neurons exhibit
a variety of CaV currents, both LVA and HVA. Since both N- and P/Q-type currents
show somewhat different properties in FPR-rs3 expressing VSNs, these two CaV2 channel
isoforms might play distinct roles in FPR-rs3+ neurophysiology.
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3.2 Revisiting the labeled line coding model for the vomeronasal system
The MOS detects a plethora of odorous compounds in a combinatorial way, where one
stimulus activates multiple ORs and one receptor is activated by multiple odorants (Malnic
et al., 1999). By contrast, the receptors of the VNO are described as ultra-sensitive and
narrowly tuned. This concept implies a labeled line model where one ligand activates only
one type of receptor which elicits a predetermined behavioral pattern (Leinders-Zufall
et al., 2000; Haga et al., 2010). The number of known receptor-ligand pairs in the AOS
is very small. This makes it difficult to broaden the understanding of the actual coding
mechanisms underlying vomeronasal stimulation. In our approach, we use major urinary
proteins (MUPs) as a set of defined stimuli that activate basal VSNs (Chamero et al.,
2007, 2011). Furthermore, MUPs promote several behaviors such as male-male aggression
(Chamero et al., 2007), female attraction (Roberts et al., 2010), place preference (Roberts
et al., 2012) and male countermarking behavior (Humphries et al., 1999; Hurst et al., 2001).
In a collaborative project, together with the group of Prof. Dr. Lisa Stowers at the Scripps
Research Institute in La Jolla, California, we challenge the labeled line coding model for the
VNO using electrophysiology and Ca2+ imaging experiments and employ a countermarking
assay to investigate MUP-mediated behavior. Parts of the results presented in section 3.2
have recently been published (Kaur et al., 2014).
3.2.1 Extracellular recordings from basal VSNs
To analyze the coding strategy of VSNs in response to MUP stimulations, we performed
extracellular “loose patch” recordings in acute VNO tissue slices (Fig. 3.9A). This approach
prevents dialysis of intracellular components. A selection of five recombinantly expressed
MUPs (rMUPs) (Chamero et al., 2007) was presented via an 8-in-1 perfusion system,
either as single compounds or as mixtures of several stimuli. Wherever proteins were
stimulated as a blend, each protein was present at 50 µg/ml (a total of 100-250 µg/ml
protein in the blend). Action potential-driven capacitive currents elicited by stimulation
with pooled rMUPs were recorded in the “loose-seal” cell-attached configuration (Fig.
3.9B) together with a short (1 s) control stimulation of high-potassium solution (solution
S3) that depolarizes the VSN membrane due to the change in K+ driving force.
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Figure 3.9: Extracellular “loose patch” recordings from basal VSNs. (A) Differential
interference contrast image of an acute VNO tissue slice depicting the recording pipette in
the basal layer of the sensory epithelium to analyze individual VSNs. (B) Representative
original recording of a basal VSN in the cell-attached configuration (“loose-seal”) responding
to both a short stimulation (3 s) of five pooled rMUPs (rMUP3, 7, 10, 19, 20) and high-
potassium solution (50 mM, 1 s) with a short transient burst of spikes. Red bars indicate time
of stimulation. Scale bar, 5 µm (A).
3.2.2 Single VSNs discriminate strain-specific rMUP stimuli
The mouse genome encodes 21 functional Mups (Fig. 1.6) and each mouse strain is char-
acterized by a lifelong and stable emission of its unique MUP profile (Robertson et al.,
1997). Several behaviors such as male-male aggression (Chamero et al., 2007) or coun-
termarking to urine scent marks (Humphries et al., 1999; Hurst et al., 2001) have been
ascribed to be mediated by MUPs. How these signals are encoded on the cellular level is,
to date, poorly understood. There are approximately 120 different VSN types in the basal
VNO neuroepithelium (Young and Trask, 2007) which lowers the probability of recording
from a specific VSN population (p = 0.83%). Therefore, to increase the response rate, we
first analyzed VSN activity with rMUP mixtures. Here, we examined if single VSNs can
discriminate two different strain-specific rMUP mixtures secreted by either the C57BL/6J
(rMUP20, 3) or BALB/c strain (rMUP7, 10, 19), respectively.
Male mice First, we recorded from basal VSNs in acute VNO tissue slices of male mice
to determine the neuronal response profile to randomized stimulations with strain-specific
rMUP mixtures (Fig. 3.10). We found 39 out of 1599 cells (2.4%) that responded to the
pooled rMUPs (Fig. 3.10D). Of these neurons, 44% (17 out of 39) were activated by
C57BL/6-specific rMUPs 20 and 3 (Fig. 3.10A; corresponding to population #1). More-
over, 31% of VSNs (12 out of 39) were responsive to the mixture of rMUPs specific for the
BALB/c strain rMUPs 7, 10 and 19 (Fig. 3.10B; population #2). Another group of VSNs
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(9 out of 39 cells, 23%; population #3) responded to both strain-specific mixtures, reveal-
ing a more permissive activation profile (Fig. 3.10C). Importantly, no activation overlap
was detected between rMUP-responsive cells and VSNs activated by the purification tag
maltose binding protein (rMBP, 6 out of 511 cells, 1.17%; population #5) except in one
case (VSN population #4), generally ruling out unspecific false positive activation.
Figure 3.10: Single VSNs from male mice discriminate strain-specific rMUP stim-
uli. (A) Representative original recording of a VSN responding to rMUPs expressed by
C57BL/6 mice (rMUP20, 3) and to the rMUP pool. (B) Example recording of a VSN re-
sponding to rMUPs expressed by mice of the BALB/c strain (rMUP7, 10, 19) and to the
rMUP pool, exclusively. (C) Representative trace of a neuron responding to all given stimuli
(C57BL/6 rMUPs (20, 3), BALB/c rMUPs (7, 10, 19)) and to the rMUP pool. Stimuli were
applied in random order, ISI = 30 s, continuous recording, interruptions <1 s (cut marks
//) (D) Quantification of all recorded cells (1599 neurons in total). The majority of cells
responded to high-potassium stimulus only (solution S3). rMBP served as vehicle for recom-
binant expression. Importantly, all cells (except one) responsive to rMBP did not respond to
stimulation with rMUPs, thus excluding unspecific responses.
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An asymptotic Z-test was carried out to statistically verify specificity of our results
(Fig. 3.10D). One-sided p-values, based on the asymptotic Z-test, for testing the null
hypothesis that the probability of recording certain response pattern p in this set-up equals
the corresponding probability of recording from a specific VSN population p0 (0.83%)
under normal conditions. Furthermore, the probability of neurons responding to all rMUP
exposures and vehicle (rMBP) controls was significantly lower than p0 (0.06%; n = 1599;
Fig. 3.10D), while all other combinations of response patterns did not differ significantly
from p0. Taken together, among rMUP sensitive neurons sampled in males we found
distinct subsets of VSNs; one activated by the mixture of rMUPs 20 and 3, another by
rMUPs 7, 10 and 19 mixture, and a third more broadly tuned to detect rMUPs in both
mixtures (Fig. 3.10A-C).
Female mice To analyze whether gender affects the response profiles of VSNs, we recorded
the spiking behavior of single neurons from female mice upon randomized stimulations with
strain-specific rMUP mixtures. We recorded from 898 cells in total and found 37 neurons
(4.1%) that were activated by the pool of rMUPs. Of these neurons, 27% (10 out of 37)
were activated by C57BL/6-specific rMUPs 20 and 3 (Fig. 3.11A; corresponding to popula-
tion #1). Moreover, 22% of VSNs (12 out of 37) were responsive to the mixture of rMUPs
specific for the BALB/c strain rMUPs 7, 10 and 19 (Fig. 3.11B; population #2). Another
group of VSNs showed a more broadly tuned activation profile (6 out of 37 cells, 16%;
population #3) by responding to both strain-specific mixtures (Fig. 3.11C). Unspecific ac-
tivation through rMBP was not detected for female neurons as there was no overlap with
rMUP-activated VSNs (7 out of 468 cells, 1.5%; population #5). In conclusion, sampling
of rMUP-sensitive neurons in females reveals, similar to the results obtained from male
mice, distinct subsets of VSNs, either activated by the mixture of rMUPs 20 and 3, by
the rMUPs 7, 10 and 19 mixture or the more broadly tuned population of neurons that
detects rMUPs in both mixtures (Fig. 3.11A-C).
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Figure 3.11: Single VSNs from female mice discriminate strain-specific rMUP
stimuli. (A) Representative original recording of a VSN responding to rMUPs expressed
by C57BL/6 mice (rMUP20, 3) and to the rMUP pool. (B) Example recording of a VSN
responding to rMUPs expressed by mice of the BALB/c strain (rMUP7, 10, 19) and to
the rMUP pool, exclusively. (C) Representative trace of a neuron responding to all given
stimuli (C57BL/6 rMUPs (rMUP20, 3), BALB/c rMUPs (7, 10, 19) and to the rMUP pool.
Stimuli were applied in random order, ISI = 30 s, continuous recording, interruptions <1 s
(cut marks //) (D) Quantification of all recorded cells (898 neurons in total). The majority
of cells responded to the high-potassium stimulus only (solution S3). Importantly, all cells
responsive to the purification vehicle (rMBP) did not spike upon stimulation with rMUPs,
excluding unspecific responses. In few cases (n = 6; 0.06%), a full response profile could not be
determined (nd); e.g. because the seal changed or air bubbles impaired reliable measurements.
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3.2.3 rMUPs elicit significant and specific spiking behavior
The spontaneous spiking output of a sensory neuron is influenced by intra- and extracel-
lular conditions. Altering the membrane voltage or changing the extracellular ionic condi-
tions will either promote or inhibit action potential discharge. To ensure that stimulation
with rMUPs elicits phase-locked and significant increases in firing frequency, we created a
peri-stimulus time histogram (PSTH) from all neurons responsive to strain-specific rMUP
mixtures (Fig. 3.12A). Stimulus application for 3 s lead to a significant increase of spike
frequency (rMUP20 and 3: 10.2-fold; rMUP7, 10 and 19: 16.9-fold) in a time window of
10 s after stimulus onset. Moreover, pairwise correlation analysis of stimulus sensitivity
revealed negative correlation between rMBP and rMUP-evoked signals (ranging from -
0.91 to -0.29) and positive correlation between each mixture and pooled rMUP controls
(ranging from 0.38 to 0.48; Fig. 3.12B). Together, this analysis confirms the specific and
time-locked detection of rMUPs.
Figure 3.12: rMUP stimulations elicit stimulus-locked and specific spiking in
VSNs. (A) PSTH from all rMUP-responsive neurons in male mice within bins of 1 s re-
vealed a stimulus-locked increase in action potential discharge with an average increase of
10.2-fold (rMUP20, 3; n = 27) and 16.9-fold (rMUP7, 10, 19; n = 22). Gray shading indicates
stimulus duration. (B) Heat map showing pairwise correlation analysis of stimulus sensitivity
from all rMUP-responsive cells with negative correlation between rMBP and rMUP-evoked
signals and positive correlation between each strain-specific mixture and pooled rMUPs. Data
are mean ± SEM.
3.2.4 rMUP pools induce Ca2+ transients in VSNs
We additionally used a higher-throughput Ca2+ imaging approach to analyze the response
profiles of single dissociated VSNs. To monitor Ca2+ signals, acutely dissociated VSNs were
plated onto a glass dish and loaded with the ratiometric calcium-sensitive dye fura-2/AM.
The integrated fluorescence ratio (f340/380) in defined regions of interest covering individual
cell somata was monitored as a function of time (Fig. 3.13). Elevations in the intracellular
Ca2+ level indicate cell membrane depolarization and, thus, activation of sensory receptor
neurons either through a change of the K+ driving force (Fig. 3.13B) or a sensory stimulus,
such as rMUPs (Fig. 3.13C).
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Figure 3.13: Stimulations with rMUPs induce Ca2+ transients in VSNs. (A) Dis-
sociated VSNs loaded with the Ca2+-sensitive dye fura-2/AM responded with elevations of
the intracellular Ca2+ level upon stimulation with high-K+ solution; scale bar, 5 µm (B)
Representative Ca2+ signal recorded from a single fura-2-loaded neuron shown in (A). The
integrated fluorescence ratio f340/f380 is shown as a function of time. Brief focal application
of 50 mM K+ (red bar) elicited elevation of cytosolic Ca2+. Highlighted time points 1 - 3
correspond to individual pseudocolor images in (A) illustrating relative changes in Ca2+ con-
centrations (rainbow 256 colormap; blue = low Ca2+ / red = high Ca2+). (C) Representative
original recording of a VSN responsive to mixtures of recombinantly expressed MUPs. Trace
normalized to a baseline of 1 (arbitrary ratio f340/380), red bar indicates stimulus application.
s: soma, d: dendrite, k: knob.
Stimulating VSNs with strain-specific rMUP-mixtures in a Ca2+ imaging approach pro-
vided us with a strategy to monitor the response profile of a high number of sensory
neurons. A total of 2,800 cells were imaged and sequentially exposed to three stimulus-
mixtures (rMUP20 and 3; rMUP7, 10 and 19; pool of all five rMUPs; Fig. 3.14A). 87 out of
2,800 VSNs (3.11%) responded to the mixture of rMUPs expressed by the BALB/c strain
rMUPs 7, 10 and 19 (Fig. 3.14Ai) and 90 cells (3.21%) showed Ca2+ signals upon stimu-
lation with C57BL/6-specific rMUPs 20 and 3 (Fig. 3.14Aii). Moreover, 87 neurons were
activated by both rMUP stimulations (Fig. 3.14Aiii). Only cells responding to the pool
of all five rMUPs were included in the analysis (Fig. 3.14B-C). Taken together, analyzing
strain-specific responses of rMUP-mixtures with Ca2+ imaging confirms that rMUPs ac-
tivate different populations of VSNs, as previously shown with extracellular patch-clamp
recordings (Fig. 3.10-11).
55
Results 3.2 Revisiting the labeled line coding model for the vomeronasal system
Figure 3.14: Stimulations with rMUP mixtures induce Ca2+ transients in VSNs
of male mice. (A) Representative original recordings of Ca2+ transients imaged from dis-
sociated VSNs stimulated with BALB/c MUPs (Ai; rMUP7, 10, 19), C57BL/6 MUPs (Aii;
rMUP20, 3) and the pool of all 5 rMUPs (Aiii). Colors indicate three distinct populations of
VSNs based on their response profile. Red bars indicate stimulus application. A total of 2,800
cells were imaged, sequentially exposed to all stimuli. Traces normalized to a baseline of 1, 3
u (arbitrary ratio f340/380). (B) Quantification of all neurons responding to BALB/c rMUPs
(87 VSNs), C57BL/6 rMUPs (90 neurons) or to both mixtures (87 cells). (C) Venn diagram
quantifying the three distinct populations of neurons responding to the two strain-specific
rMUP stimulations. Colors correspond to VSN populations in (A), (adapted from Kaur et
al., 2014). Experiments carried out by Angeldeep Kaur at the Scripps Research Institute.
3.2.5 Individual rMUPs are detected in a combinatorial way
Mice secrete MUPs in very high concentrations (up to 30 mg/ml) into urine (Armstrong et
al., 2005) suggesting a relevance as indicators of social or sexual status (Beynon et al., 2001;
Logan et al., 2008). The signature of individual MUPs expressed by each strain is stable
throughout an individual’s life. To address the question of how single MUPs are perceived
by sensory neurons, we recorded spike activity from basal VSNs in VNO slice preparations
from both female and male mice in response to repetitive, randomized stimulation with
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individual rMUPs. Our findings using rMUP-mixture stimulations revealed that VSNs are
activated by several compounds and thus suggest a combinatorial coding strategy on the
level of single cells. Stimulation with individual rMUPs, thus, enables to categorize single
neurons according to their individual response profile.
Male mice We recorded the spiking activity of basal VSNs from male mice stimulated
with single rMUPs in extracellular “loose-patch” recordings. Stimuli were applied in ran-
domized order with an interstimulus interval (ISI) of 60 s. A total of 1,006 cells were
analyzed. The great majority of cells (97.5%) only responded to the positive control stim-
ulus (50 mM K+, solution S5) and not to rMUPs (Fig. 3.15D). Only cells that responded
to pooled rMUPs were included in the analysis (25 out of 1,006 neurons; 2.5%). Of these
neurons, 52% (13 out of 25) were selectively activated by one single rMUP ligand (Fig.
3.15A; “specialist” neuron, population #1-5), a response pattern consistent with the nar-
rowly tuned pheromone-detection properties previously observed in VSNs (Leinders-Zufall
et al., 2000; Nodari et al., 2008; Haga et al., 2010). Strikingly, each rMUP activates at
least three to four additional VSN populations (Fig. 3.15D). Some VSNs respond to specific
combinations of few rMUPs (5 out of 25 neurons, 20%; “intermediate” cells, population
#7-11) (Fig. 3.15B), whereas others are broadly tuned “generalists” that detect every
rMUP tested (7 out of 25 neurons, 28%; Fig. 3.15C; population #6). Together, the five
rMUP ligands activate at least 11 VSN populations (Fig. 3.15D), and the variation in VSN
tuning enables individual rMUPs to be recognized by a unique combination of VSNs.
Female mice To examine potential gender-specific differences in the detection of indi-
vidual rMUPs, we recorded spiking activity from a total of 1,200 VSNs from female mice.
Again, the great majority of cells (96.3%) exclusively responded to the positive control
stimulus (50 mM K+, solution S5). 44 out of 1,200 neurons (3.7%) responded to the pool of
five rMUPs. Of these cells, 57% (25 out of 44) were classified as “specialist” detectors only
activated by one single rMUP (Fig. 3.16A,D; population #1-5). Some VSNs responded to
at least two of the stimuli presented (14 out of 44, 32%; “intermediate” cells, population
#8-17) and only one cell was classified as a broadly tuned “generalist” activated by every
rMUP applied (2%, population #7). Interestingly, 4 out of 44 cells were only responsive
to the pool of rMUPs (9%, population #6). In few cases (5 out of 1,200 cells, 0.41%) a
complete response profile could not be determined due to changes in the seal or external
disturbing factors, such as air bubbles that impaired reliable recordings.
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Figure 3.15: Single rMUPs are detected in a combinatorial way in male mice. (Ai)
Representative original recording of a VSN responding exclusively to rMUP19 in a repetitive
way and to the rMUP pool (corresponding to VSN population #3). (Aii) Example trace of a
neuron repetitively responding to rMUP10 and to the pool of rMUPs (corresponding to VSN
population # 2). VSNs from (A) are categorized as “specialist” neurons. (B) Representative
trace of a cell responding to rMUP19, rMUP7, rMUP3 and the rMUP pool, thus belonging to
the “intermediate” population of VSNs (corresponding to VSN population #11). (C) Original
trace of a neuron responding to every rMUP stimulation, categorized into the “generalist”
VSN population (corresponding to population #5). (D) Summary of 11 distinct populations
of neurons observed during extracellular recordings, a total of 1,006 cells were analyzed. Red
bars indicate stimulation. Stimuli were applied in random order, ISI = 60 s.
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Figure 3.16: Single rMUPs are detected in a combinatorial way in female mice.
(A) Representative original recording of a VSN responding exclusively to rMUP10 in a repet-
itive way and to the rMUP pool (corresponding to VSN population #2). VSNs responding to
only one stimulus are categorized as “specialist” neurons. (B) Representative trace of a cell
responding to rMUP10, rMUP19 and the rMUP pool, thus belonging to the “intermediate”
population of VSNs (corresponding to VSN population #11). (C) Original trace of a neu-
ron responding to every rMUP stimulation, categorized into the “generalist” VSN population
(corresponding to population #7). (D) Summary of 17 distinct populations of neurons ob-
served during extracellular recordings, a total of 1,200 cells were analyzed. In few cases (n =
5), a full response profile could not be determined (nd); e.g. because the seal changed or air
bubbles impaired reliable measurements. Red bars indicate stimulation. Stimuli were applied
in random order, ISI = 60 s.
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3.2.6 Individual rMUPs induce Ca2+ transients in VSNs
Next, we examined the response profiles of VSNs with stimulations of individual rMUPs
using ratiometric Ca2+ imaging on acutely dissociated fura-2/AM loaded neurons. Cells
were sequentially stimulated with rMUP19 and rMUP7, which only differ by two amino
acids (F56V and E140K), and the pool of both rMUPs (done in the group of Dr. Stowers).
In total, 67 neurons (1.78%) out of 3,767 cells imaged responded to the two rMUPs 19+7
pooled together. 47.8% of these VSNs (32 out of 67) responded to one individual rMUP,
either rMUP7 (19.4%) or rMUP19 (28.4%), and the pool of both, serving as more narrowly
tuned receptors. The remaining population (35 out of 67 cells, 52.2%) was revealed as more
broadly tuned neurons, activated by both single rMUPs and the pool of rMUPs 19+7.
Taken together, using Ca2+ imaging recordings, we found individual rMUPs to stimulate
both broadly and narrowly tuned neurons (Fig. 3.17B-C). Thus, both methods, imaging
and electrophysiological recordings, indicate that each rMUP activates multiple VSNs and
one VSN detects multiple rMUPs. This mirrors, at least in part, the combinatorial-coding
strategy employed by canonical olfactory neurons in the main olfactory epithelium (Malnic
et al., 1999).
Figure 3.17: Stimulations with single rMUPs induce calcium transients in VSNs.
(A) Representative Ca2+ transients imaged from dissociated VSNs sequentially stimulated
with rMUP19 and rMUP7 and the pool of both rMUPs. Colors indicate three distinct popula-
tions of VSNs based on their response profile. Red bars indicate stimulus application. A total
of 3,767 cells were imaged, sequentially exposed to all stimuli. Trace normalized to a baseline
fluorescence level of 1, 3 u (arbitrary ratio f340/380). (B) Quantification of all cells that were
imaged summarizing the absolute and relative number of responding cells. (C) Venn diagram
quantifying the three distinct populations of neurons activated by two rMUP stimuli; colors
correspond to VSN population in (A), (adapted from Kaur et al., 2014). Experiments carried
out by Angeldeep Kaur at the Scripps Research Institute.
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3.2.7 Detection of rMUPs elicits countermarking behavior
MUPs have been described as key mediators of several intra- and interspecific behaviors
including male-male aggression (Chamero et al., 2007), place-preference and attraction of
females to male urine marks (Roberts et al., 2010, 2012), and defensive behavior against
predator scent marks (Papes et al., 2010). In addition, these studies revealed that the
observed behavioral patterns are promoted by activating the VNO. Another behavior
displayed by male mice is the increase in countermarking toward the MUP-containing
high molecular weight (HMW) urine fraction of individuals from other strains expressing
different MUP signatures (Hurst et al., 2001; Nevison et al., 2003). Current knowledge
implies that indeed MUPs are responsible for eliciting countermarking behavior (Hurst
and Beynon, 2004). Several studies postulate that MUPs may serve as stabilizers of small
molecules and facilitate their transport into the mucus-filled VNO lumen (Humphries et
al., 1999; Hurst et al., 2001; Novotny, 2003; Hurst and Beynon, 2004). Notably, displacing
small molecules by incubating HMW fractions of urine with behaviorally inert menadione,
retained MUP bioactivity in behavioral assays (Xia et al., 2006; Chamero et al., 2007).
To date, the exact role of MUPs in connection to countermarking behavior is not fully
understood.
To examine MUP-mediated changes in countermarking behavior, we here employ an as-
say that enables to quantify the number of urine scent marks deposited by male BALB/c
mice on encountering single rMUPs (Fig. 3.18A-B) or different blends of rMUPs (Fig.
3.18C-D) (done in the group of Dr. Stowers). The bottom of a test cage was lined with
filter paper and a droplet of stimulus solution (50 µl) was pipetted onto the center of
the cage (dotted circle, Fig. 3.18A,C). The mice were introduced to the cage and after
5 min, the filter paper was collected for quantification. The absolute number of marks
was counted and normalized to a positive control stimulus (non-self whole urine from
C57BL/6 mice). A water droplet served as negative control (gray bars, Fig. 3.18B,D). Re-
markably, stimulation with each of the individual rMUPs resulted in robust and significant
countermarking behavior compared to the water control (Fig. 3.18B). This shows that,
regardless of whether the presented rMUP is part of the self-emitted MUP-cocktail, indi-
vidual rMUPs are each equally sufficient to promote countermarking. In contrast to this,
stimulation with the blend of rMUPs secreted by the BALB/c strain did not increase the
number of urine marks (self rMUPs, Fig. 3.18D), whereas presentation of rMUPs secreted
by C57BL/6 mice did (non-self rMUPs, Fig. 3.18D).
To analyze the effect of alterations to the self-secreted MUP-cocktail, several manipu-
lated stimulus mixtures were presented. Subtracting one of the self-secreted MUPs (rMUP7)
did not result in significant countermarking. However, when removing two of the rMUPs
from the self-secreted stimulus blend (rMUP10* and rMUP12), a robust marking response
was observed. Moreover, adding a MUP not emitted by BALB/c mice (rMUP4, self rMUPs
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+1) or quadrupling the concentration of one rMUP in the stimulus mixture (self rMUPs
with 7 at 4x) significantly increased the number of urine marks (Fig. 3.18D). Taken to-
gether, these data reveal individual mouse MUPs each to be equally sufficient to promote
countermarking, whereas the repertoire of self-emitted MUPs fails to elicit countermarking
behavior.
Figure 3.18: Detection of rMUPs elicits countermarking behavior. (A) Represen-
tative blots with urine marks deposited by BALB/c males in response to water stimulus (Ai,
dotted circle; control) and a single rMUP (Aii). (B) Quantification of countermarking re-
sponses to individual single rMUP stimulations. Number of marks is normalized to marking
behavior upon non-self urine stimulation from C57BL/6J mice. (C) Representative blots with
urine marks deposited by BALB/c males in response to mixture of self-emitted MUPs with-
out rMUP7 (Ci; self rMUPs -1) and a mixture of self-emitted MUPs without rMUP10* and
rMUP12 (Cii; self rMUPs -2). (D) Quantification of countermarking responses to manipulated
mixtures of self-emitted rMUPs. Data are Mean ± SEM. *p < 0.05; n.s., nonsignificant. p-
values were determined by comparison to water (adapted from Kaur et al., 2014). Experiments
carried out by Angeldeep Kaur at the Scripps Research Institute.
3.2.8 Inverse correlation between neural activity and countermarking behavior
So far, the results show that MUPs are detected by single sensory neurons in a combinato-
rial way and that MUPs presented as single stimuli are sufficient to promote countermark-
ing behavior. Furthermore, the signature of self-emitted MUPs prevents marking, whereas
manipulations to this blend elicit marking behavior comparable to stimulation with non
self-emitted MUP signatures. Next, we investigated the relationship between behavioral
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responses of males and the vomeronasal activity on the population level of sensory neurons.
For this, the behavioral activity in the countermarking assay and the neuronal response
rates in Ca2+ imaging experiments to 16 systematically manipulated rMUP mixtures were
measured (Fig. 3.19). The percentage of individual neurons that responded to both manip-
ulated rMUP and the self rMUP stimuli was determined to quantify the extent to which
the identities of the responding VSNs matched the response to self rMUPs. When we com-
pared the percentage of animals displaying behavioral activity to the percentage of neural
activity that was identical to the self MUP-induced neural activity, we found a significant
negative correlation (Spearman rank correlation coefficient of -0.79; p < 0.01; Fig. 3.19). A
high percentage of overlap in neural activity of any stimulus compared to self rMUPs thus
correlates with a low probability of countermarking behavior. In contrast, a low overlap
in neural activity correlates with a high probability of an individual displaying marking
behavior in response to the stimuli. By combining these two experimental approaches it
becomes clear that the emitted repertoire of MUPs can function as a unique signature
of self to modulate behavior. When detected as an individual stimulus, each rMUP is
sufficient to initiate behavior, however the entire ensemble of detected MUPs is necessary
to initiate behavior based on the identity and concentration of the blend of rMUPs pre-
sented. This behavioral activity is abolished if the stimulus matches the self-emitted MUP
repertoire.
Figure 3.19: Inverse relationship between neural activity and countermarking
behavior. Percent VSNs that responded in Ca2+ imaging experiments to both the indicated
stimulus and self rMUPs (x-axis) is negatively correlated with the percent of individual mice
that showed at least a 1.25-fold increase in countermarking behavior compared to water (y-
axis). Spearman rank correlation coefficient of 0.79; p < 0.01; Best linear fit, R2 = 0.56
(adapted from Kaur et al., 2014).
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3.3 Anoctamins in the olfactory system
Chloride channels serve critical roles in the nervous system and, depending on the electro-
chemical gradient of Cl-, activation either depolarizes or hyperpolarizes the cell membrane.
In sensory neurons of the olfactory system, Cl- is actively accumulated amplifying depo-
larizations through activation of a calcium-activated Cl- conductance (Kaneko et al., 2004;
Reisert et al., 2005; Nickell et al., 2007). A substantial amount of the odor-induced de-
polarizing transduction current (80-90%) is attributed to outward-directed Cl- currents
activated by increases of intracellular Ca2+ (Kurahashi and Yau, 1993; Lowe and Gold,
1993; Boccaccio and Menini, 2007). In 2008, three independent studies reported a member
of the anoctamin family (ANO1/TMEM16A) as the CaCC in different cell types (Caputo
et al., 2008; Schroeder et al., 2008; Yang et al., 2008). In situ hybridization experiments
showed mRNA expression of anoctamin2 (ANO2, TMEM16B) in mature OSNs (Yu et
al., 2005) and proteomic screenings identified ANO2 as a prominent protein located to
olfactory cilia (Stephan et al., 2009; Hengl et al., 2010; Rasche et al., 2010; Dauner et al.,
2012). Additionally, electrophysiological studies revealed ANO2 as the molecular correlate
of the CaCC found in OSNs (Pifferi et al., 2009; Stephan et al., 2009; Billig et al., 2011).
Similar to neurons of the MOS, VSNs are characterized by the expression of CaCCs (Yang
and Delay, 2010). In the VNO, ANO1 and ANO2 are both expressed in the microvillar
layer of sensory neurons (Billig et al., 2011). However, another study reported restricted
ANO1 expression in the microvillar layer of supporting cells and the ducts of Bowman
glands (Dauner et al., 2012). In a collaborative project with the group of Prof. Dr. Eva
M. Neuhaus at the University of Jena, Germany, we aimed to investigate potential in-
teractions between different anoctamins. To address part of this question, we employed
an overexpression system of ANO1 and ANO2 in HEK293T cells. Whole-cell patch-clamp
recordings were performed to investigate the electrophysiological properties of ANO1- and
ANO2-mediated currents. Ca2+ imaging experiments gave further insight into the activa-
tion of CaCCs and their sensitivity to Ca2+. The results shown in section 3.3 represent
part of a recently published study done in collaboration with the group of Dr. Neuhaus
(Henkel et al., 2014).
3.3.1 ATP induces Ca2+ transients in HEK293T cells
In OSNs, the transient elevation of the intracellular Ca2+ concentration ([Ca2+]i) activates
CaCCs in the plasma membrane which, in turn, leads to a Cl- conductance (Pifferi et al.,
2009; Stephan et al., 2009; Yang and Delay, 2010). In a first set of experiments, we applied
ATP to native HEK293T cells loaded with the Ca2+-sensitive dye fura-2/AM to activate
endogenous P2Y receptors, which lead to an IP3-mediated release of Ca2+ from internal
stores (Yang et al., 2008). To obtain the dose-response relationship of ATP and Ca2+, we
applied increasing ATP concentrations to the cells in brief one second pulses and recorded
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the Ca2+ signals (Fig. 3.20Aii). The majority of cells responded with an elevation of
[Ca2+]i in a dose-dependent manner. The highlighted time points 1 and 6 (Fig. 3.20Aii)
correspond to pseudocolor images illustrating the Ca2+ responses (Fig. 3.20Ai). A dose-
response curve with the Ca2+ response plotted against the ATP concentration revealed an
EC50 value of 6.65 µM ATP using the Hill equation (Fig. 3.20B). The absolute [Ca2+]i was
calculated by means of previous calibration experiments using the Grynkiewicz equation
under Ca2+-saturated and Ca2+-free conditions (Grynkiewicz et al., 1985). When plotting
the absolute Ca2+ level versus ATP concentration it became obvious that an average
maximum of approximately 3.5 µM Ca2+ can be released into the cytosol from internal
stores upon stimulation with 10 µM ATP (Fig. 3.20C).
Figure 3.20: ATP induces Ca2+ transients in HEK293T cells. (A) HEK293T cells
loaded with the Ca2+-sensitive dye fura-2/AM responded with elevations of the intracellu-
lar Ca2+ level to brief ATP stimulation (1 s). Representative Ca2+ imaging trace recorded
from a single fura-2-loaded cell highlighted with a white ROI (region of interest) (Ai). The
integrated fluorescence ratio f340/f380 is shown as a function of time. Application of increasing
ATP concentrations elicited elevation of intracellular Ca2+ (Aii). Highlighted time points 1
and 6 correspond to individual pseudocolor images (Ai) illustrating relative changes in Ca2+
concentrations (rainbow 256 colormap; blue = low Ca2+ / white = high Ca2+). (B) Normal-
ized dose-response curve derived from single cell Ca2+ imaging experiments. Sigmoid curves
were calculated from averaged data points using the Hill equation. The calculated EC50 is at
6.65 µM ATP. (C) Dose-response curve showing absolute intracellular Ca2+ concentrations
in relation to ATP concentration. The absolute Ca2+ concentrations were calculated using
the Grynkiewicz equation (see materials and methods for further details). n = 97 - 209, data
are mean ± SEM.
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3.3.2 Endogenous currents of HEK293T cells
Next, we investigated endogenous currents of HEK293T cells. These control experiments
were crucial to reliably evaluate currents recorded with transfected HEK cells. We per-
formed whole-cell patch-clamp recordings on native HEK cells and recorded currents in
response to repeating voltage ramps (-100 mV to +100 mV, duration 500 ms). Immediately
after establishing the whole-cell configuration, ramp recordings were started. HEK cells
express voltage-gated potassium (KV) channels (Yu and Kerchner, 1998; Zhu et al., 1998),
resulting in an outward-directed current rectifying at positive potentials (Fig. 3.21A, high-
lighted time point 1). To abolish this current, we incubated the cells in an extracellular
soultion containing 10 mM TEA (solution S11, Fig. 3.21A, time point 2: 60 s incubation
time), a well-described blocker of voltage-gated K+ channels (Yellen, 1984; Alexander et
al., 2013). After one minute of incubation, the voltage ramp did not show any rectification,
indicating a block of KV currents. The remaining outward-directed current most likely cor-
responded to K+ leak conductances. Additionally, we examined the effect of a reduced Cl-
solution (solution S12) on ramp recordings. Replacing the largest amount of extracellular
Cl- did neither alter voltage ramp amplitudes nor induce a shift in the reversal potential
(Fig. 3.21A, red trace). Incubation with a well-described blocker for CaCC, niflumic acid
(NFA, 300 µM) (Schroeder et al., 2008; Yang et al., 2008; Pifferi et al., 2009; Sagheddu et
al., 2010), did not have any effect on native HEK cells in ramp recordings (Fig. 3.21A, gray
trace). Stimulation of untransfected cells with ATP (10 µM) resulted in small peak current
densities (< 0.3 pA/pF) under all three experimental conditions for both positive and neg-
ative voltages (Fig. 3.21B). For analysis of current amplitudes, background currents were
subtracted from maximal current amplitude. Current densities were calculated by dividing
current amplitude by cell capacity. These results show that untransfected HEK cells do
not express pronounced Ca2+-dependent currents and the observed current fluctuations
can be attributed to resting membrane currents.
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Figure 3.21: Endogenous currents of HEK293T cells. (A) Original recordings of ramp
protocols ranging from -100 mV to +100 mV and a duration of 500 ms. Application of
tetraethylammonium (TEA; solution S11) resulted in a decrease of the outward-directed cur-
rent at positive potentials, most likely by blocking K+ currents. Highlighted time point 1
corresponds to start of application of S11 and after 60 s incubation time (time point 2).
Reduction of extracellular Cl- (solution S12) did not induce a shift of the reversal potential.
Incubation with NFA did not have any effect on ramp amplitude. (B) Maximal current den-
sities at -80 mV and +80 mV (mean ± SEM). No significant effects are observed for ATP
stimulation (10 µM) under symmetric chloride (n = 16), reduced chloride (n = 12) or NFA
(300 µM) conditions (n = 14).
3.3.3 ANO1 forms a Ca2+-activated Cl- channel
The microvilli of VSNs harbor the signal transduction proteins for vomeronasal signaling
(Munger et al., 2009). Anoctamins 1 and 2 show overlapping expression patterns in the
VNO microvillar layer (Billig et al., 2011; Dauner et al., 2012; Dibattista et al., 2012).
To characterize the electrophysiological properties of ANO1-mediated currents, HEK293T
cells were transfected with a plasmid coding for an ANO1-GFP fusion protein. After 24
to 48 hours, transfected cells were readily identified via fluorescence microscopy. Success-
ful shuttling of the protein to the plasma membrane was analyzed using a confocal laser
scanning microscope (Fig. 3.22A). To investigate the ANO1-mediated currents, we per-
formed whole-cell patch-clamp recordings on fluorescent HEK293T cells. Stimulation with
ATP (5 s, 10 µM) in continuous recordings at a holding potential (Vhold) of -80 mV in-
duced a large negative current with a mean amplitude of -263 ± 79 pA (n = 6) (Fig.
3.22B). The negative current corresponded to an efflux of Cl- elicited by the activation of
ANO1 via an ATP-induced cytosolic Ca2+ elevation. To characterize the ANO1-mediated
current in higher detail, we performed repetitive voltage ramp recordings (-100 mV to
+100 mV; 500 ms duration) using different extracellular solutions (S11, S12 and S11 +
NFA), we plotted the maximal ATP-induced current after background subtraction, against
membrane voltage (Fig. 3.22C). Under symmetric chloride conditions (solution S11, black
trace), stimulation with ATP induced a non-rectifying current with a mean current den-
sity of 26.49 ± 4.52 pA/pF at +80 mV and -22.32 ± 3.63 pA/pF at -80 mV (Fig. 3.22D).
Replacement of extracellular chloride with gluconate (solution S12, red trace) induced a
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reversal potential shift of the ATP-induced current with peak current densities of 2.66 ±
3.76 pA/pF at +80 mV and -41.29 ± 4.49 pA/pF at -80 mV (Fig. 3.22D). Incubation
with NFA (solution S11+ 300 µM NFA, gray trace) abolished ATP-induced currents in
ANO1-GFP-transfected HEK cells (mean current densities of 0.85 ± 0.39 pA/pF at +80
mV and -1.17 ± 0.39 pA/pF at -80 mV; Fig. 3.22D). Taken together, these results provide
evidence that ANO1 acts as a CaCC (Caputo et al., 2008; Schroeder et al., 2008; Yang et
al., 2008).
Figure 3.22: ANO1 forms a Ca2+-activated Cl- channel. (A) ANO1-GFP is expressed
in the plasma membrane of HEK293T cells (B) Representative continuous recording where
application of ATP (10 µM, 5 s, gray bar) induced a negative current (Vhold = -80 mV). (C)
ATP stimulation activated Cl- currents in ANO1-transfected cells. In ramp protocols ranging
from -100 mV to +100 mV and a duration of 500 ms, the reversal potential was shifted by
reduction of extracellular Cl- (solution S12) and currents are inhibited by NFA (300 µM).
Subtracted ATP-induced currents are plotted. (D) Maximal current densities at -80 mV and
+80 mV (mean ± SEM). ATP stimulation (10 µM) activates Cl- currents under symmetric
Cl- (n = 23) and shifted amplitudes under reduced Cl- conditions (n = 16). Under NFA
conditions, ATP-induced currents were largely abolished (n = 21).
3.3.4 ANO1 Ca2+ dose-response relationship
To examine the dose-response relationship for ANO1-mediated Ca2+-activated Cl- cur-
rents, we combined the data from Ca2+ imaging experiments in HEK293T cells (Fig. 3.20)
and the ATP-induced responses derived from continuous recordings in ANO1-transfected
cells (Fig. 3.22B), we calculated the absolute Ca2+ concentration after stimulation with
ATP according to Grynkiewicz et al., 1985 (Fig. 3.23A). The currents measured for ANO1
were then plotted as a function of the absolute Ca2+ concentration and fitted using the Hill
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equation (Fig. 3.23B). Plotting the relative current against Ca2+ concentration revealed
a Hill coefficient of h = 2.29 for ANO1 with an EC50 of 927 nM Ca2+ at -80 mV (Fig.
3.23B). This value was lower compared to a previously reported EC50 value of ~2.6 µM
(Yang et al., 2008), however, activation by Ca2+ also depends on the membrane potential
(Evans and Marty, 1986; Kuruma and Hartzell, 2000).
Figure 3.23: Ca2+ dose-response relationship of Cl- currents mediated through
ANO1. (A) Normalized ANO1-mediated current induced by ATP stimulation (left y-axis)
and the absolute Ca2+ concentration (right y-axis) plotted as a function of time. (B) Dose-
response relationship based on averaged ATP-induced currents recorded at constant Vhold of
-80 mV plotted against the averaged intracellular Ca2+ concentration revealed an EC50 of 927
nM for ANO1.
3.3.5 ANO2 forms a Ca2+-activated Cl- channel
The largest part of the Ca2+-activated Cl- current in OSNs has been attributed to ANO2
(Pifferi et al., 2009; Stephan et al., 2009; Billig et al., 2011). Interestingly, ANO2 null mice
showed no significant performance reduction in olfactory tasks (Billig et al., 2011), open-
ing the possibility of potential compensation mechanisms carried out by other CaCCs.
HEK293T cells transfected with an ANO2-GFP plasmid enabled us to electrophysiolog-
ically examine currents mediated by ANO2. Expression of ANO2 and integration into
the plasma membrane was analyzed using fluorescence microscopy (Fig. 3.24A). Whole-
cell patch-clamp recordings of ANO2-transfected cells revealed the induction of negative
currents upon stimulation with ATP (5 s, 10 µM) in continuous recordings (Vhold = -80
mV) with a mean amplitude of -116 ± 32 pA (n = 13) (Fig. 3.24B). Further character-
ization was carried out with repetitive voltage ramp recordings (-100 mV to +100 mV;
500 ms duration) under different extracellular conditions (solutions S11 , S12 and S11 +
NFA). Maximal ATP-induced current under symmetric chloride conditions (solution S11 ,
black trace) had mean current densities of 5.85 ± 1.60 pA/pF at +80 mV and -5.64 ± 1.31
pA/pF at -80 mV (Fig. 3.24D). Replacing extracellular Cl- (solution S12 , red trace) shifted
the reversal potential of the ATP-induced current resulting in mean current densities of
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1.61 ± 0.93 pA/pF at +80 mV and -4.41 ± 0.79 pA/pF at -80 mV (Fig. 3.24D). Under
NFA conditions (solution S11+ 300 µM NFA, gray trace) the ATP-induced currents were
abolished (mean current densities of 0.34 ± 0.34 pA/pF at +80 mV and -0.01 ± 0.09
pA/pF at -80 mV; Fig. 3.24D). Although the amplitudes of the ANO2-mediated currents
were considerably smaller in comparison to ANO1, the general properties are similar.
Figure 3.24: ANO2 forms a Ca2+ - activated Cl- channel. (A) ANO2-GFP is expressed
in the plasma membrane of HEK293T cells (B) ATP application (10 µM, 5 s, gray bar) during
a continuous recording induced a negative current (Vhold = -80 mV). (C) ATP stimulation
activated Cl- currents in ANO2-transfected cells. In ramp protocols ranging from -100 mV to
+100 mV and a duration of 500 ms, the reversal potential was shifted by reducing extracellular
Cl- (solution S12 ) and currents were inhibited by NFA (300 µM). Subtracted ATP-induced
currents are plotted. (D) Maximal current densities at -80 mV and +80 mV (mean ± SEM).
ATP stimulation (10 µM) activated Cl- currents under symmetric Cl- (n = 20) and shifted
amplitudes under reduced chloride conditions (n = 6). Under NFA conditions, ATP-induced
currents were abolished (n = 19).
3.3.6 ANO2 Ca2+ dose-response relationship
The dose-response relationship for ANO2-mediated Ca2+-activated Cl- currents was ob-
tained by plotting the normalized ATP-induced currents of ANO2-transfected HEK293T
cells measured in continuous recordings (Vhold = -80 mV) together with Ca2+ signals de-
rived from imaging experiments in untransfected cells as a function of time (Fig. 3.25A).
Plotting the normalized current against the absolute cytosolic Ca2+ concentration, the
Hill equation revealed an EC50 value for ANO2 of ~1.5 µM Ca2+ and a Hill coefficient
of h = 3.4. Stephan and colleagues reported a very similar EC50 value of ~1.8 µM Ca2+
(Stephan et al., 2009).
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Figure 3.25: Ca2+ dose-response relationship of Cl- currents mediated through
ANO2. (A) Normalized ATP-induced current mediated through ANO2 (left y-axis) and the
absolute Ca2+ concentration (right y-axis) plotted as a function of time. (B) Dose-response
relationship calculated from averaged ATP-induced currents recorded at constant Vhold of -80
mV plotted against the averaged intracellular Ca2+ concentration revealed an EC50 of 1528
nM for ANO2.
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4 Discussion
For most vertebrates, the olfactory system is crucial. It enables to discriminate the vast
amount of odorous compounds in the environment and regulates social and reproductive
behaviors. Despite the essential role of the different olfactory subsystems for the survival of
many species, fundamental physiological processes underlying chemosensory signaling still
remain unclear. In this thesis, I therefore focused on the investigation of basic physiological
mechanisms of distinct olfactory subsystems.
Specifically, in one line of research together with the group of Prof. Ivan Rodriguez from
the University of Geneva, a transgenic mouse model was created. These mice express a
fluorescent marker together with a member of the recently discovered vomeronasal formyl
peptide receptors. I investigated the biophysical properties of these neurons and thus
provided a first physiological characterization of a vomeronasal FPR.
In a collaborative approach with colleagues from Prof. Lisa Stowers’ laboratory at the
Scripps Research Institute in La Jolla, California, we provided evidence for combinato-
rial processing of vomeronasal stimuli and identified different populations of VNSs based
on their activation pattern in response to multiple stimuli. Our findings challenge the
current labeled-line model of vomeronasal information processing and reveal that single
compounds promote multiple behaviors.
In a third project, I investigated the electrophysiological properties of recombinantly
expressed anoctamins. In collaboration with the group of Prof. Dr. Eva M. Neuhaus at the
University of Jena, we investigated potential heteromultimerizations of channel proteins
and examined the localization of anoctamins in olfactory cilia.
4.1 Characterization of FPR expressing cells in the VNO
For most mammals, the VNO is crucial for intra- and interspecific chemical commu-
nication. At least three types of chemoreceptors are expressed by the neurons in the
vomeronasal sensory epithelium. While the basic biophysical properties of both V1R-
and V2R-expressing vomeronasal neurons have been described (Liman and Corey, 1996;
Trotier and Doving, 1996; Fieni et al., 2003; Shimazaki et al., 2006; Ukhanov et al., 2007;
Hagendorf et al., 2009), VSNs that express members of the recently discovered family of
vomeronasal FPR-rs proteins (Liberles et al., 2009; Rivière et al., 2009) remain physiolog-
ically unexplored. Here, we describe a transgenic mouse model (Fpr-rs3-i-Venus) in which
expression of one member of the FPR-rs family (FPR-rs3) is marked by Venus fluores-
cence allowing identification and electrophysiological analysis of FPR-rs3 in acute VNO
tissue slices. The results obtained here serve as foundation to address questions regarding
the functional role of vomeronasal FPRs. To date, it is still controversial whether FPR-rs
chemoreceptors serve a role as detectors of pathogen- and/or inflammation-related com-
pounds (Rivière et al., 2009; Bufe et al., 2012). The close relation to FPRs expressed in
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immune cells and the exclusive vomeronasal expression patttern (Liberles et al., 2009; Riv-
ière et al., 2009), strongly suggest participation of the VNO in detecting immune-related
compounds. We here provide an in-depth analysis of both passive and active membrane
properties, including detailed characterization of several types of voltage-activated conduc-
tances and action potential discharge patterns, in fluorescently labeled versus unmarked
vomeronasal neurons. Our results reveal a number of similarities, but also some differ-
ences in the basic (electro)physiological architecture of transgene-expressing versus non-
expressing neurons. Vomeronasal transgene expression in Fpr-rs3-i-Venus mice faithfully
recapitulates the punctate apical expression pattern of endogenous FPR-rs3 (Liberles et
al., 2009; Rivière et al., 2009; Dietschi et al., 2013). Furthermore, bicistronic expression
of the tau-Venus fusion protein additionally targets the fluorescent marker to axons and
axon terminals in the AOB. We therefore propose that Fpr-rs3-i-Venus mice not only pro-
vide a useful tool for physiological studies of FPR-rs3+ neurons in the VNO (as described
here), but also for studies of axon targeting and glomerular innervation in the AOB.
While, based on the experimental strategy used here, we cannot exclude that FPR-rs3+
VSNs additionally express other vomeronasal receptor genes, this appears unlikely since
the negative feedback signal that ensures gene exclusion in apical VSNs is also maintained
by exogenous expression of another receptor gene, even an OR (Capello et al., 2009).
The specific biophysical profile of FPR-rs3+ VSNs is a critical determinant of their
sensory input-output function. Passive membrane properties, such as Rinput, Cmem and
t mem, are therefore crucial functional descriptors of FPR-rs3+ neuron physiology. Cmem
and dendritic geometry together determine the amplitude of the receptor potential as
well as, being inversely proportional, the speed of signal propagation along the dendrite
(Gentet et al., 2000). Cmem values obtained for FPR-rs3+ neurons are broadly consistent
with previously reported data (Liman and Corey, 1996; Shimazaki et al., 2006; Ukhanov
et al., 2007) and do not differ from values recorded from randomly chosen control VSNs
from wildtype C57BL/6 mice. The remarkably high input resistance previously reported
for VSNs (Liman and Corey, 1996; Fieni et al., 2003; Shimazaki et al., 2006; Dibattista et
al., 2008; Sagheddu et al., 2010) is shared by FPR-rs3+ neurons. Thus, FPR-rs3-dependent
receptor currents of even a few picoamperes will be sufficient to trigger AP discharge. We
therefore propose that the primary signal transduction machinery in FPR-rs3+ neurons
must be balanced by proper gain/offset control mechanisms to avoid false-positive output.
In this context, the rather narrow tuning range of the input-output function of FPR-rs3+
neurons (and control VSNs) is noticeable. Frequency coding accommodates spike rates
between 0 and 15 Hz that encode receptor currents ranging to a maximum of 25 pA (note
that the “linear” dynamic range of the f -I curve is considerably more narrow, see Fig.
3.4B). Similar values have previously been reported (Liman and Corey, 1996; Ukhanov et
al., 2007). The relatively high t mem values (25 ms) we obtained for both FPR-rs3+ and
control neurons ensure that brief stimulatory events will not generate significant output in
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line with the idea that stimulus exchange in the VNO is relatively slow, probably allowing
prolonged VSN receptor-ligand interaction.
Detailed spike waveform analysis revealed rather slow and broad APs for FPR-rs3+
neurons in line with previously published results (Shimazaki et al., 2006; Hagendorf et
al., 2009). Moreover, hyperpolarizing current injection triggers rebound depolarizations
resulting in a pronounced “voltage sag” (Robinson and Siegelbaum, 2003; Dibattista et
al., 2008). Mediated by HCN channels, we and others observed increasing “sag” amplitudes
with membrane potentials becoming more hyperpolarized (Ukhanov et al., 2007; Dibattista
et al., 2008). Thus, active membrane properties of FPR-rs3+ neurons do not segregate these
neurons from the “general” VSN population.
We used the pufferfish toxin TTX to isolate whole-cell currents mediated by voltage-
gated NaV channels. FPR-rs3+ VSNs express one or more TTX-sensitive NaV channel
isoform(s), i.e., NaV1.1, 1.2, 1.3, 1.4, or 1.7 (Hille, 2001), which exhibit relatively slow
activation upon membrane depolarization >-65 mV with half-maximal and complete ac-
tivation at approximately -50 mV and -30 mV, respectively. Notably, the slope of the
steady-state inactivation curve is relatively shallow, revealing that full channel inactiva-
tion only occurs at positive potentials and, in addition, resulting in a substantial “window
current” that ranges from approximately -60 mV to -5 mV. Similar pharmacological ap-
proaches were used to isolate currents mediated by KV and CaV channels, respectively. At
least three different and probably heterogeneous populations of KV channels were identi-
fied according to their sensitivity to 4-AP and different TEA concentrations, respectively
(Liman and Corey, 1996). Interestingly, while 4-AP-sensitive currents lacked a promi-
nent transient component typical for A-type K+ currents (Mei et al., 1995; Amberg et al.,
2003), this KV channel population exerted considerable effects on AP waveform. Moreover,
the effects on upstroke kinetics (TTP) and spike width (FDHM/duration) were different
between FPR-rs3+ neurons and control VSNs.
In addition to NaV and KV channels, several types of CaV channels were identified in
FPR-rs3+ neurons. T-, L-, N-, and P/Q-type ICaV were isolated, either pharmacologically
(L-, N-, P/Q-type) or by prepulse inactivation (T-type). While T- and L-type ICaV in
FPR-rs3+ VSNs did not significantly differ from control neurons, we find that both N-
and P/Q-type currents show somewhat different properties in FPR-rs3 expressing VSNs.
We can only speculate about the mechanisms that might link FPR-rs3 expression to al-
tered expression and/or functionality of either N- or P/Q-type CaV channels. The scope
of possible explanations ranges from altered Cacna1a/Cacna1b transcription by random
transgene insertion to direct binding of G𝛽/𝛾 to the 𝛼1 subunit of either CaV2 channel
(Currie, 2010), complex co-regulation scenarios of, for example, accessory channel subunits
(Neely and Hidalgo, 2014), or unknown intrinsic properties of a potential subpopulation
of neurons that express FPR-rs3 instead of a “native” receptor. Whatever the mechanistic
basis, the interpretation of future experiments will have to take potential physiological dif-
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ferences into account, which could arise from transgenic versus endogenous expression. To
investigate potential differences in gene expression levels, we initiated an RNA sequencing
analysis of single VSNs in collaboration with Dr. Darren Logan from the Sanger Institute
in Cambridge, UK. The results of these ongoing experiments will provide quantitative gene
expression data in FPR-rs3+ cells and control VSNs, respectively.
The Fpr-rs3-i-Venus mouse model we introduce and the basic electrophysiological char-
acterization we performed provide a foundation for future functional studies of FPR-rs
neurophysiology. In analogy to FPR signaling in the immune system, current concepts
of FPR-rs function suggest a role as chemoreceptors for inflammation-associated and
pathogen-related compounds (Rivière et al., 2009; Chamero et al., 2011; Bufe et al., 2012).
Detecting, identifying and eventually evaluating compounds in bodily fluids such as urine,
saliva, gland secretions or food sources is a crucial prerequisite for survival and repro-
duction, and thus constitutes an enormous evolutionary advantage for most mammals.
However, the direct connection between vomeronasal detection and behavioral output is
still missing. Somewhat controversial results have been reported on the tuning profile(s)
of recombinantly expressed vomeronasal FPR-rs proteins (Rivière et al., 2009; Bufe et al.,
2012). Rivière and colleagues reported activation of recombinant vomeronasal FPRs by
formyl peptides released by Gram-negative bacteria, the antimicrobial peptide CRAMP
or lipoxin A4 (Rivière et al., 2009). These compounds represent previously described ag-
onists for FPR1 and FPR2 expressed by monocytes, granulocytes or macrophages (Le et
al., 2002; Migeotte et al., 2006). Notably, these activation profiles were not confirmed in
another study employing an automated high-throughput imaging assay in heterologous
cells (Bufe et al., 2012). Studying FPR-rs3 receptor-ligand interactions in homologous
cells of genetically modified mouse models, such as FPR-rs3-i-Venus described here, will
likely prove useful to elucidate activation profiles of vomeronasal FPRs. One approach to
screen for the endogenous FPR-rs3+ agonists will be to record the action potential-driven
capacitive currents in the “loose-seal” cell-attached configuration elicited by short stimu-
lus applications. This method prevents dialysis of intracellular components and does not
influence the cell membrane potential providing a less invasive and relatively fast way of
screening. Another approach to deorphanize FPR-rs3 is to employ a Ca2+ imaging assay.
An elegant way for this is benefiting from a transgenic mouse model that expresses a
genetically encoded Ca2+ sensor, e.g. GCaMP6, in a defined neuronal population. In the
near future, a FPR-rs3 knock-in mouse will be available, that, in addition to a fluores-
cent marker, also expresses Cre recombinase. Crossing this Cre driver line with GCaMP6
reporter mice will provide a transgenic mouse model in which FPR-rs3 expressing VSNs
are genetically equipped with a Ca2+ sensitive protein. The generation of FPR-rs3 null
mice, e.g. by Cre-mediated cell depletion after introducing the diphtheria toxin fragment A
(DT-A) gene (Brockschnieder et al., 2006), will offer the opportunity to analyze potential
effects on behavior.
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Communication between species relies heavily on the olfactory system and individuals have
to detect and decode a plethora of biosignals surrounding them, regardless of their source.
The underlying neural mechanisms that enable to compute the chemosensory environment
into a utilizable neural code, remain largely unknown. The VNO detects social signals and
thus provides an animal with crucial information about sexual status, age, receptivity and
social rank of conspecifics. To determine how an olfactory template is created, processed
and how stereotypical behavioral patterns are induced, requires the identification of these
bioactive ligands, also called pheromones (Wyatt, 2003, 2010). The number of described
compounds that activate the VNO and generate social behavior is very limited (Leinders-
Zufall et al., 2000; Wyatt, 2010). Among those, MUPs comprise a defined group of VNO
activators that eventually mediate innate behaviors such as inter-male aggression or female
place preference for urine scent marks secreted by males (Chamero et al., 2007; Roberts
et al., 2010; Chamero et al., 2011; Roberts et al., 2012). Recombinant expression and
purification of MUPs opens the possibility to investigate their physiological impact in
vitro and to challenge individual animals in a controlled environment.
Previous studies claim VSNs to be highly specific and narrowly tuned chemosensors.
Additionally, coding of vomeronasal signals is described to follow a labeled line model
(Leinders-Zufall et al., 2000; Nodari et al., 2008; Haga et al., 2010). By contrast, neurons
of the MOS employ a combinatorial-coding strategy (Malnic et al., 1999). Here, we provide
evidence that the subset of MUP-detecting vomeronasal neurons utilizes a combinatorial
strategy, reminiscent of the permissive activation properties of OSNs. Several physiological
approaches enabled us to reveal distinct response profiles of single VSNs stimulated either
with single MUPs or with mixtures of rMUPs specific for different mouse strains. For both
female and male mice, we observed populations of neurons that responded either to MUPs
specific for their own strain (C57BL/6), MUPs expressed by BALB/c mice or to both
MUP mixtures. This indicates that the VNO harbors neurons that convey information
about the strain of the emitting individual, similar to what has been proposed for VSNs
activated by MHC class I peptides (Leinders-Zufall et al., 2004). However, another study
by He and colleagues did not confirm the existence of an overlapping population of neurons,
when subsequently stimulated with strain-specific urine and a strain-specific MHC class I
peptide (He et al., 2008).
When presented with single rMUPs, the response profiles of VSNs revealed three distinct
subsets of neurons. “Specialist” neurons are activated by one rMUP exclusively, resem-
bling the previously described response properties for VSNs tuned to one specific ligand
(Leinders-Zufall et al., 2000; Holekamp et al., 2008; Haga et al., 2010). The second group
comprises the “intermediate” type of VSNs that is activated by at least two of the five
rMUPs tested. Interestingly, we also observed a subset of “generalist” neurons that re-
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sponded to every rMUP stimulation serving as broadly tuned detectors. Our data, thus,
provide evidence for an alternate combinatorial strategy within the VNO. This would en-
able the rather small number of receptors to identify a large number of structurally similar
ligands. Based on that, relative stimulus ratios in a blend of compounds could serve as
an additional means for differentiation, increasing the functional coding capacity of single
VSNs.
To examine whether the capacity of single neurons to generate multiple outputs is re-
flected in an individual’s behavior, we employ a countermarking assay. Placing urine scent
marks is a simple behavior, allowing an individual to signal superiority by marking its terri-
tory . We show that, when presented as single stimuli, countermarking is promoted by every
rMUP, regardless of the strain it is naturally expressed by. However, our results indicate
that rMUP-mediated countermarking is based on evaluation of the entire environmental
rMUP repertoire. In a controlled test environment, stimulation with rMUP mixtures ex-
pressed by the test animal (self rMUPs) prevents marking. In the wild, this averts the risk
and the effort that goes along with placing a scent mark. Interestingly, when presented
with rMUPs from another strain (non-self rMUPs) or when the self rMUPs-mixture is
altered, marking is promoted, supporting the important role of the chemosensory context
for MUP-mediated behavior.
Remarkably, MUPs, when encountered as single chemical stimuli, elicit multiple be-
havioral outputs. MUP20 (also called “Darcin”) serves as an attraction signal to females
and generates conditioned place preference (Roberts et al., 2010, 2012). We observed that
rMUP20, as a single compound, additionally promotes countermarking and inter-male ag-
gression (Kaur et al., 2014). Moreover, rMUP3 shares this bioactivity when presented as
single stimulus. However, rMUP3 alone is not sufficient to generate motor patterns typical
for aggression. Instead, additional sensory information from a target animal is required to
induce aggressive behavior. Countermarking, however, is promoted by an artificially placed
stimulus alone, indicating alternate encoding and processing mechanisms than those un-
derlying aggression (Haga et al., 2010; Papes et al., 2010; Roberts et al., 2010). It has
been described that input of a subset of sensory neurons to the olfactory bulb is geneti-
cally hardwired to higher brain circuits that process aggression (Adams, 2006; Nelson and
Trainor, 2007). This pathway includes, among others, posteroventral and posterodorsal
subnuclei in the MeA, lateral septum, BNST and the anterior hypothalamic area (Nelson
and Trainor, 2007). However, many interconnections exist between these nuclei, rendering
this pathway not linear. Moreover, different subnuclei show higher or lower activity ac-
cording to social context (Nelson and Trainor, 2007). Countermarking most likely is based
on a different coding mechanism, as the results presented in section 3.2 show that mix-
tures of self-emitted MUPs inhibit marking behavior. Our results support that, already
on the level of the VNO, the neuronal activation pattern provides information about the
stimulus composition an animal encounters. A study by Wagner and colleagues shows
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that mitral cells in the AOB monitor the activity of multiple glomeruli of presumably
closely related receptors (Wagner et al., 2006). This may serve as the underlying circuitry
to decode and process coincident MUP-mediated neural activity in the AOB. Addition-
ally, the activated glomeri lead to distinct activation patterns in higher-order processing
centers. One has to keep in mind that, even in a controlled experimental environment,
the likelihood of pheromones to induce behavioral activity depends on gender, age and
endocrine state of the receiving animal. However, a defined set of stimuli, such as MUPs,
allows limited and specific vomeronasal activation. Why the detection of multiple MUP
ligands promotes countermarking, but has no observed effect on aggression, is currently
unknown. Moreover, to which extend MUP-activated sensory neurons comprise a unique
population in combinatorial vomeronasal signaling, remains to be studied. Identification
of the receptors that bind MUPs is necessary to gain deeper understanding of how social
signals are processed by the AOS.
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The family of anoctamins comprises 10 members, with intrafamiliar sequence homology
ranging up to 60% (Hartzell et al., 2009; Tien et al., 2013). The prototypic family member,
anoctamin 1 (ANO1, TMEM16A), is expressed in many mammalian tissues and was the
first anoctamin described as a CaCC. (Hartzell et al., 2005; Kunzelmann et al., 2011).
The ANO1-mediated current recapitulates the hallmarks of endogenous ICl,Ca (Caputo et
al., 2008; Schroeder et al., 2008; Yang et al., 2008). The depolarizing Cl- current in OSNs
was discovered decades ago. Just recently, however, the molecular correlate was revealed
to be ANO2 (TMEM16B) (Stephan et al., 2009). To date, the function of other anoc-
tamins is still controversial and potential roles span from anion channels, to non-selective
cation channels or even enzymatic activity as a phospholipid scramblase (Kunzelmann
et al., 2014). High protein expression of several anoctamins was revealed in olfactory ep-
ithelia: ANO2 is highly expressed in OSN cilia (Stephan et al., 2009; Hengl et al., 2010;
Rasche et al., 2010) and electrophysiological characterization of the ANO2-mediated cur-
rents in heterologous expression systems are similar to the native ICl,Ca (Pifferi et al.,
2009; Sagheddu et al., 2010). Albeit expressed in lower amounts than ANO2, expression
of ANO1, ANO6 and ANO10 was detected in membrane proteome analysis of cilia from
mouse OSNs (Rasche et al., 2010). Moreover, expression of ANO1 together with ANO2
was found in the microvillar layer of the VNO (Billig et al., 2011; Dauner et al., 2012;
Dibattista et al., 2012), suggesting a possible co-function of both channels on vomeronasal
signal transduction. Expression of other anoctamins in olfactoy epithelia raises the possi-
bility of interactions between the channel proteins and thus a potential influence on the
Cl- currents in OSNs. There is evidence that both ANO1 (Fallah et al., 2011; Sheridan
et al., 2011) and ANO2 (Tien et al., 2013) form homodimers. Whether anoctamins form
heterodimers, however, is currently not known (Schreiber et al., 2010; Kunzelmann et
al., 2011). A recent study identified a homo-dimerization domain of ANO1 on their cy-
toplasmic N-terminal regions. Electrophysiological and biochemical assays revealed that
perturbation of this domain disrupts ANO1 function and interferes with channel complex
assembly (Tien et al., 2013). Given the fact that several anoctamins are expressed in cells
of olfactory epithelia and given their capability to form multimers, we asked, whether anoc-
tamins in the olfactory systems interact with each other and, thus, modulate the native
ICl,Ca. Together with the group of Prof. Dr. Eva M. Neuhaus from the University of Jena,
Germany, we investigated the physiological relevance of anoctamin co-expression using
histological, biochemical and electrophysiological approaches. Overexpression of ANO1,
ANO2 and ANO6 in HEK293T cells served to characterize the electrophysiological prop-
erties of these anoctamins. In whole-cell patch-clamp experiments, we showed that all
three anoctamins expressed as singular proteins act as CaCCs. Moreover, cotransfection
of ANO2 with either ANO1 or ANO6 revealed either an intermediate phenotype of ICl,Ca
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(ANO2 coexpressed with ANO1, data not shown) or strongly potentiated Cl- currents
(ANO2 co-expressed with ANO6; Henkel et al., 2014). To examine the activation proper-
ties and Ca2+ sensitivity of anoctamins, we combined electrophysiological recordings with
Ca2+ imaging measurements. Our results from singular anoctamin expression share the
hallmarks of CaCCs in regard to Cl- conductance, EC50 value for Ca2+ and sensitivity
to NFA, a well-described blocker of ICl,Ca (Kleene, 1993; Lowe and Gold, 1993; Reisert
et al., 2005; Boccaccio and Menini, 2007). Cytosolic Ca2+ levels were elevated by stimu-
lating endogenous purinergic P2Y receptors, which induced IP3-mediated release of Ca2+
from internal stores (Yang et al., 2008). ATP stimulation resulted in a large non-rectifying
current with a reversal potential around 0 mV under symmetric Cl- conditions and a sub-
stantial Erev shift after replacing extracellular Cl- with gluconate. Moreover, the current
showed sensitivity to NFA, strongly suggesting recombinant ANO1 to act as a CaCC. The
ANO1-mediated current we observed did not show rectification. Using light-induced stim-
ulation with caged IP3, Schroeder and colleagues observed a rectification depending on the
cytosolic Ca2+ level (Schroeder et al., 2008). Short stimulation resulted in lower rates of
uncaging and thus less Ca2+ release from internal stores (Schroeder et al., 2008). Whole-
cell recordings from ANO1-transfected HEK cells confirmed rectification of the current at
Ca2+ concentrations lower than 600 nM (Chen et al., 2011). The absence of rectification in
our recordings thus suggests a strong Ca2+ increase upon ATP stimulation. The obtained
EC50 value of 927 nM calcium for ANO1 is lower compared to a previously reported value
of 2.6 µM (Yang et al., 2008), however, sensitivity of CaCC also depends on the membrane
potential.
In olfactory signal transduction, ANO2 was proposed as the major component of the
native ICl,Ca (Stephan et al., 2009). The native channel recorded in OSNs shares several
characteristics with recombinantly expressed ANO2 (Stephan et al., 2009; Sagheddu et al.,
2010). Elevation of cytosolic Ca2+ induces Cl- currents that are sensitive to NFA, support-
ing evidence that ANO2 forms a CaCC (Pifferi et al., 2009; Stephan et al., 2009; Sagheddu
et al., 2010). The current amplitudes mediated by ANO2 are considerably smaller com-
pared to currents mediated by ANO1 (Pifferi et al., 2009; Stephan et al., 2009), a result that
we confirm in our study. Activation of ANO2 during olfactory signal transduction elicits a
Cl- current that carries around 80% of the depolarizing current and strongly boosts depo-
larization mediated by cation influx through CNG channels (Reisert et al., 2003; Stephan
et al., 2009; Billig et al., 2011). In ANO2-deficient mice, Cl- currents in OSNs were unde-
tectable, arguing for ANO2 to be the mediator of the Cl- current in olfactory transduction.
However, no impaired performance of ANO2 knockout mice in behavioral tasks was ob-
served (Billig et al., 2011). Possible explanations are that the depolarizing cation influx
through CNG channels might be sufficient to generate APs or the recruitment of other
CaCCs to compensate for ANO2 deficiency. Furthermore, ANO2 shows some differences
in rundown kinetics and inactivation properties at negative potentials in comparison to
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the native olfactory ICl,Ca, pointing out the possibility of additional anoctamin subunits
or interaction of different ANO2 splice variants in native cells (Saidu et al., 2013).
The function of ANO6 is still controversial: possible roles include a Ca2+-activated anion
selective channel (Hartzell et al., 2005; Martins et al., 2011; Tian et al., 2012; Grubb et
al., 2013; Shimizu et al., 2013), an unselective cation channel involved in Scott syndrome
(Suzuki et al., 2010; Yang et al., 2012) and the involvement in cell volume regulation
(Almaça et al. 2009; but see: Kunzelmann et al., 2012; Shimizu et al., 2013). Activation
of Cl- currents in ANO6 expressing cells was observed at unusally high intracellular Ca2+
levels with an EC50 value of 10 µM (Shimizu et al., 2013) or even 100 µM (Tian et al.,
2012; Grubb et al., 2013). Here, we activate the Cl- current indirectly by stimulating
with extracellular ATP, inducing the release of Ca2+ from internal stores (Yang et al.,
2008). Interestingly, we observed a large ANO6-mediated current that was identified as a
Cl- current using NFA as a well-described blocker of CaCCs and by shifting the reversal
potential after replacing extracellular Cl- with gluconate (Henkel et al., 2014).
Today, the question whether anoctamins form hetero-multimers is under debate. Close
homologs, such as members of the anoctamin family, show protein-interaction even across
species, as ANO1 from Xenopus was coimmunoprecipitated by both mouse ANO1 and
ANO2, with sequence identities of 75% and 61%, respectively (Tien et al., 2013). A
study by Schreiber and colleagues observed that ANO1 forms homodimers and that co-
expression with ANO9 in Fischer’s rat thyroid cells can negatively affect the activity of
ANO1 (Schreiber et al., 2010, but see Sheridan et al., 2011). Furthermore, knockdown
experiments suggest an interaction of several anoctamins as part of the volume-sensitive
outwardly rectifying Cl- channel (Almaça et al., 2009).
Using super-resolution STED microscopy, we report that ANO6, together with ANO2,
is localized in morphologically similar microdomains of OSN cilia (Henkel et al., 2014).
The spatial organization of both anoctamins in clusters of OSN cilia raises the question
of whether ANO6 contributes to the native olfactory CaCC. We investigated a possible
physiological relevance by co-expressing both recombinant channels in HEK293T cells.
Remarkably, ATP-induced Cl- currents in cells expressing both ANO2 and ANO6 in their
plasma membrane show larger current densities compared to singular expression of either
ANO2 or ANO6, indicating hetero-oligomerization of both channel proteins (Henkel et al.,
2014). Additionally, protein-interaction assays show both homo-oligomerization of ANO2
and ANO6 as singular proteins, as well as heteromeric interaction when both proteins are
co-expressed. The Ca2+ sensitivity for co-expressed ANO2/6 is higher than for homomeric
channels (EC50 value of 793 nM). However, it has to be pointed out that the properties
of either protein might dominate over the other when forming the channel pore, mask-
ing the conductance of the co-expressed protein. Furthermore, the expression rates of the
two plasmids might differ, regardless of the respective DNA amount used for transfection.
Recording in whole-cell configuration does not allow a separation between currents me-
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diated by the channels. Additionally, the overall measured current cannot be attributed
to heteromeric channels, exclusively. Nevertheless, the higher Ca2+ sensitivity and the
larger current densities recorded in ANO2/6 expressing HEK293T cells strongly argue for
hetero-multimerization. Investigation of single channel conductances in inside-out patch-
clamp recordings would provide further insight. In conclusion, we provide evidence that
ANO6 is expressed in OSN cilia and, when recombinantly expressed, acts as a CaCC.
Protein interaction assays show that the channel forms homo-oligomers. ANO6 is local-
ized in olfactory cilia microdomains similar to ANO2 making a direct interaction even
more likely. When co-expressed with ANO2, activation of ANO6 results in supra-additive
chloride currents and hetero-oligomers between the two proteins are formed.
Super-resolution microscopy of VNO sections revealed clustered localization of both
ANO1 and ANO2 in the microvillar layer of the VNO (B. Henkel, data not shown). Co-
expression of ANO1/ANO2 results in Cl- currents of an intermediate phenotype (D. Drose,
data not shown) with current densities between those recorded for singularly expressed
ANO1 and ANO2, respectively. Urine responses in VSNs are amplified by a Ca2+- activated
Cl- current (Yang and Delay, 2010), indicating a high intracellular Cl- concentration similar
to OSNs (Kaneko et al., 2004; Reisert et al., 2005; Nickell et al., 2007). Formation of
ANO1/2 hetero-multimers could, therefore, shape the native ICl,Ca observed in VSNs.
However, a study by Billig and colleagues claims that Ca2+- activated Cl- currents recorded
from VSNs depend predominantly on ANO2, assigning a minor contribution of ANO1 to
VSN currents (Billig et al., 2011). Thus, the physiological role of anoctamins in olfactory
signal transduction requires closer investigation.
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5 Summary
Most vertebrates have developed several complex olfactory subsystems that allow detect-
ing and discriminating thousands of chemical cues and thus enable interaction with the
environment. This renders the sense of smell as an essential modality for the survival of
individuals and, accordingly, the whole species. However, many physiological mechanisms
underlying chemosensory signaling are still elusive. Therefore, the overall aim of my thesis
was to gain deeper insight into olfactory signaling mechanisms. Specifically, my research
focused on three physiological aspects in the peripheral part of the mouse olfactory system.
First, I aimed to characterize a prototypical member of the recently identified family
of vomeronasal formyl peptide receptors (FPR-rs) that remain, to date, physiologically
unexplored. Together with the group of Prof. Dr. Ivan Rodriguez from the University of
Geneva, we created a transgenic mouse model that expresses a fluorescent marker together
with the FPR-rs3 receptor in VSNs. Using whole-cell patch-clamp recordings, I provided
an in-depth comparative biophysical characterization of cells expressing FPR-rs3 including
their passive and active membrane properties, as well as several voltage-activated conduc-
tances and action potential discharge patterns. My results revealed striking similarities, as
well as some differences between control neurons and FPR-rs3 expressing cells. Together,
these results provide a foundation for future functional studies of FPR-rs neurophysiology.
Second, in a collaborative project with Prof. Dr. Lisa Stowers and her group at the
Scripps Research Institute, I investigated the response profiles of VSNs upon stimulation
with urinary proteins. MUPs have previously been described as activators of basal VSNs.
Using extracellular recordings, I observed that MUPs are encoded in a combinatorial
fashion, reminiscent of the more broadly tuned OSNs in the MOE. Thus, my results
challenge the current labeled line coding model for the VNO. Moreover, we provided
evidence that MUPs, as single compounds, promote multiple innate behaviors.
Third, I investigated the role of CaCCs in olfactory signaling. Together with Prof. Dr.
Eva M. Neuhaus from the University of Jena, we analyzed different anoctamins in re-
gard to their function as CaCC. I performed whole-cell patch-clamp recordings and Ca2+
imaging experiments with recombinantly expressed anoctamins to examine their Cl- con-
ductance and Ca2+ sensitivity. My results contributed to a study that revealed anoctamin
microdomains in OSN cilia, suggesting oligomerization and modulation of the Cl- conduc-
tance in OSNs. These findings indicate that the native CaCC in OSNs is composed of
several anoctamins.
Together, the data I obtained in this thesis provide new insights in physiological mecha-
nisms of the peripheral olfactory system and their influence on behavior. The majority of
the data on vomeronasal FPRs have been published (Ackels et al., 2014). Moreover, parts
of the results presented in this thesis on the coding of MUPs (Kaur et al., 2014) and on
the role of anoctamins (Henkel et al., 2014) have also recently been published.
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6 Abbreviations
4-AP 4-aminopyridine
CaV Voltage-gated Ca2+ channel
AC III Adenylate cyclase type III
ANO Anoctamin
AOB Accessory olfactory bulb
AOS Accessory olfactory system
AP Action potential
ATP Adenosine-triphosphate
BK Big conductance Ca2+-dependent K+ channel
BNST Bed nucleus of the stria terminalis
CaCC Ca2+-activated chloride channel
cAMP Cyclic adenosine-3’,5’-monophsphate
CFTR Cystic fibrosis transmembrane conductance regulator
cGMP Cyclic guanosine-monophosphate
CLCA Cl--channels activated by Ca2+
CNG Cyclic nucleotide-gated
DAG Diacylglycerol
TRPC2 transient receptor potential cation channel, subfamily C, member 2
ESP Exocrine gland secreting peptide
FDHM Full duration at half-maximum
Fpr-rs Formyl peptide receptor-related sequence
FPR Formyl peptide receptor
GABA Gamma aminobutyric acid
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ICl,Ca Ca2+-activated chloride current
GC-D Guanylyl cyclase D
GFP Green fluorescent protein
GPCR G protein-coupled receptor
GTP Guanosine-5’-triphosphate
HCN Hyperpolarization-activated cyclic nucleotide-gated
HMW High molecular weight
HVA High voltage-activated
ICav Voltage-activated Ca2+ currents
IKv Voltage-activated K+ currents
INav Voltage-activated Na+ currents
IP3 Inositol-1,4,5-trisphosphate
ISI Interstimulus interval
Kv Voltage-gated K+ channels
LVA Low voltage-activated
MeA Medial amygdala
MHC Major histocompatibility complex
MOB Main olfactory bulb
MOE Main olfactory epithelium
MOS Main olfactory system
MUP Major urinary protein
NAOT Nucleus of the accessory olfactory tract
NaV Voltage-gated Na+ channels
OR Odorant receptor
OSN Olfactory sensory neuron
PDE2 Phosphodiesterase 2
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PIP2 Phosphatidylinositol-4,5-bisphosphate
PLC Phospholipase C
PSTH Peri-stimulus time histogram
rMBP Recombinantly expressed maltose binding protein
rMUP Recombinantly expressed MUP
TAAR Trace amine-associated receptor
TEA Tetraethylammonium
TMEM16 Transmembrane protein 16
TTP Time-to-peak
TTX Tetrodotoxin
V1R Vomeronasal receptor type 1
V2R Vomeronasal receptor type 2
VNO Vomeronasal organ
VSN Vomeronasal sensory neuron
86
7 References
Ackels T, von der Weid B, Rodriguez I & Spehr M (2014). Physiological characterization
of formyl peptide receptor expressing cells in the mouse vomeronasal organ. Frontiers
in Neuroanatomy 8, 1–13.
Adams DB (2006). Brain mechanisms of aggressive behavior: An updated review. Neuro-
science & Biobehavioral Reviews 30, 304–318.
Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL, Catterall WA, Sped-
ding M, Peters JA & Harmar AJ (2013). The Concise Guide to Pharmacology 2013/14:
Ion Channels. British Journal of Pharmacology 170, 1607–1651.
Almaça J, Tian Y, Aldehni F, Ousingsawat J, Kongsuphol P, Rock JR, Harfe BD, Schreiber
R & Kunzelmann K (2009). TMEM16 proteins produce volume-regulated chloride cur-
rents that are reduced in mice lacking TMEM16A. The Journal of Biological Chem-
istry 284, 28571–8.
Amberg GC, Koh SD, Imaizumi Y, Ohya S & Sanders KM (2003). A-type potassium cur-
rents in smooth muscle. American Journal of Physiology. Cell Physiology 284, 583–95.
Armstrong SD, Robertson DHL, Cheetham SA, Hurst JL & Beynon RJ (2005). Structural
and functional differences in isoforms of mouse major urinary proteins: a male-specific
protein that preferentially binds a male pheromone. The Biochemical Journal 391,
343–50.
Aromataris EC & Rychkov GY (2006). ClC-1 chloride channel: Matching its properties
to a role in skeletal muscle. Clinical and Experimental Pharmacology & Physiology 33,
1118–23.
Bader CR, Bertrand D & Schwartz EA (1982). Voltage-activated and calcium-activated
currents studied in solitary rod inner segments from the salamander retina. The Journal
of Physiology 331, 253–84.
Bakalyar Ha & Reed RR (1990). Identification of a specialized adenylyl cyclase that may
mediate odorant detection. Science 250, 1403–6.
Barish ME (1983). A transient calcium-dependent chloride current in the immature Xeno-
pus oocyte. The Journal of Physiology 342, 309–25.
Barry PH (1984). Slow potential changes due to transport number effects in cells with
unstirred membrane invaginations or dendrites. The Journal of Membrane Biology 82,
221–39.
87
Bassler BL (2002). Small talk. Cell-to-cell communication in bacteria. Cell 109, 421–4.
Bean BP (2007). The action potential in mammalian central neurons. Nature Reviews
Neuroscience 8, 9579–967.
Belluscio L, Gold GH, Nemes A & Axel R (1998). Mice deficient in G(olf) are anosmic.
Neuron 20, 69–81.
Berghard A & Buck LB (1996). Sensory transduction in vomeronasal neurons: evidence
for G𝛼o, G𝛼i2, and adenylyl cyclase II as major components of a pheromone signaling
cascade. The Journal of Neuroscience 16, 909–18.
Berridge MJ, Bootman MD & Roderick HL (2003). Calcium signalling: dynamics, home-
ostasis and remodelling. Nature Reviews Molecular Cell Biology 4, 517–29.
Beynon RJ & Hurst JL (2004). Urinary proteins and the modulation of chemical scents
in mice and rats. Peptides 25, 1553–63.
Beynon R, Hurst J, Gaskell S, Hubbard S, Humphries R, Malone N, Marie A, Martinsen
L, Nevison C, Payne C, Robertson D & Veggerby C (2001). Mice, Mups and Myths:
Structure-Function Relationships of the Major Urinary Proteins In Marchlewska-Koj
A, Lepri J & Müller-Schwarze D, editors, Chemical Signals in Vertebrates 9 SE - 19,
pp. 149–156.
Bhatnagar KP & Meisami E (1998). Vomeronasal organ in bats and primates: extremes
of structural variability and its phylogenetic implications. Microscopy Research and
Technique 43, 465–75.
Billig GM, Pál B, Fidzinski P & Jentsch TJ (2011). Ca2+-activated C− currents are
dispensable for olfaction. Nature Neuroscience 14, 763–9.
Binns KE & Brennan P (2005). Changes in electrophysiological activity in the accessory
olfactory bulb and medial amygdala associated with mate recognition in mice. The
European Journal of Neuroscience 21, 2529–37.
Boccaccio A & Menini A (2007). Temporal development of cyclic nucleotide-gated and
Ca2+ -activated Cl− currents in isolated mouse olfactory sensory neurons. Journal of
Neurophysiology 98, 153–60.
Bönigk W, Bradley J, Müller F, Sesti F, Boekhoff I, Ronnett GV, Kaupp UB & Frings
S (1999). The native rat olfactory cyclic nucleotide-gated channel is composed of three
distinct subunits. The Journal of Neuroscience 19, 5332–47.
Boschat C, Pélofi C, Randin O, Roppolo D, Lüscher C, Broillet MC & Rodriguez I (2002).
Pheromone detection mediated by a V1r vomeronasal receptor. Nature Neuroscience 5,
1261–2.
88
Bozza T, Feinstein P, Zheng C & Mombaerts P (2002). Odorant receptor expression
defines functional units in the mouse olfactory system. The Journal of Neuroscience 22,
3033–43.
Bozza T, Vassalli A, Fuss SH, Zhang JJ, Weiland B, Pacifico R, Feinstein P & Mombaerts
P (2009). Mapping of class I and class II odorant receptors to glomerular domains by
two distinct types of olfactory sensory neurons in the mouse. Neuron 61, 220–33.
Brann JH, Dennis JC, Morrison EE & Fadool DA (2002). Type-specific inositol 1,4,5-
trisphosphate receptor localization in the vomeronasal organ and its interaction with a
transient receptor potential channel, TRPC2. Journal of Neurochemistry 83, 1452–60.
Breer H, Fleischer J & Strotmann J (2006). The sense of smell: multiple olfactory subsys-
tems. Cellular and Molecular Life Sciences: CMLS 63, 1465–75.
Brennan P (2004). The nose knows who’s who: chemosensory individuality and mate
recognition in mice. Hormones and Behavior 46, 231–40.
Brennan Pa & Kendrick KM (2006). Mammalian social odours: attraction and individ-
ual recognition. Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences 361, 2061–78.
Brockschnieder D, Pechmann Y, Sonnenberg-Riethmacher E & Riethmacher D (2006). An
improved mouse line for Cre-induced cell ablation due to diphtheria toxin A, expressed
from the Rosa26 locus. Genesis 44, 322–7.
Bruce HM (1959). An exteroceptive block to pregnancy in the mouse. Nature 184, 105.
Brunet LJ, Gold GH & Ngai J (1996). General anosmia caused by a targeted disruption
of the mouse olfactory cyclic nucleotide-gated cation channel. Neuron 17, 681–93.
Buck LB & Axel R (1991). A novel multigene family may encode odorant receptors: a
molecular basis for odor recognition. Cell 65, 175–187.
Bufe B, Schumann T & Zufall F (2012). Formyl peptide receptors from immune and
vomeronasal system exhibit distinct agonist properties. The Journal of Biological Chem-
istry 287, 33644–55.
Capello L, Roppolo D, Jungo VP, Feinstein P & Rodriguez I (2009). A common gene
exclusion mechanism used by two chemosensory systems. The European Journal of
Neuroscience 29, 671–8.
Caputo A, Caci E, Ferrera L, Pedemonte N, Barsanti C, Sondo E, Pfeffer U, Ravazzolo R,
Zegarra-Moran O & Galietta LJV (2008). TMEM16A, a membrane protein associated
with calcium-dependent chloride channel activity. Science 322, 590–4.
89
Catterall WA (2000). Structure and regulation of voltage-gated Ca2+ channels. Annual
Review of Cell and Developmental Biology 16, 521–55.
Catterall WA (2011). Voltage-gated calcium channels. Cold Spring Harbor Perspectives
in Biology 3, a003947.
Catterall WA, Perez-reyes E, Snutch TP & Striessnig J (2005). International Union of
Pharmacology. XLVIII. Nomenclature and structure-function relationships of voltage-
gated calcium channels. Pharmacological Reviews 57, 411–25.
Cavaggioni A & Mucignat-Caretta C (2000). Major urinary proteins, 𝛼(2U)-globulins and
aphrodisin. Biochimica et Biophysica Acta 1482, 218–28.
Chamero P, Katsoulidou V, Hendrix P, Bufe B, Roberts RW, Matsunami H, Abramowitz
J, Birnbaumer L, Zufall F & Leinders-Zufall T (2011). G protein G𝛼o is essential for
vomeronasal function and aggressive behavior in mice. PNAS 108, 12898–903.
Chamero P, Leinders-Zufall T & Zufall F (2012). From genes to social communication:
molecular sensing by the vomeronasal organ. Trends in Neurosciences 35, 597–606.
Chamero P, Marton TF, Logan DW, Flanagan K, Cruz JR, Saghatelian A, Cravatt BF
& Stowers L (2007). Identification of protein pheromones that promote aggressive be-
haviour. Nature 450, 899–902.
Chandrashekar J, Hoon MA, Ryba NJP & Zuker CS (2006). The receptors and cells for
mammalian taste. Nature 444, 288–94.
Cheetham SA, ThomMD, Jury F, Ollier WER, Beynon RJ & Hurst JL (2007). The genetic
basis of individual-recognition signals in the mouse. Current Biology 17, 1771–7.
Chen Y, An H, Li T, Liu Y, Gao C, Guo P, Zhang H & Zhan Y (2011). Direct or indirect
regulation of calcium-activated chloride channel by calcium. The Journal of Membrane
Biology 240, 121–9.
Chess A, Simon I, Cedar H & Axel R (1994). Allelic inactivation regulates olfactory
receptor gene expression. Cell 78, 823–834.
Clapham DE (2007). Calcium signaling. Cell 131, 1047–58.
Cockerham RE, Puche AC & Munger SD (2009). Heterogeneous sensory innervation and
extensive intrabulbar connections of olfactory necklace glomeruli. PLoS One 4, e4657.
Cowan WM, Raisman G & Powell TPS (1965). The connexions of the amygdala. Journal
of Neurology, Neurosurgery & Psychiatry 28, 137–151.
90
Cunningham SA, Awayda MS, Bubien JK, Ismailov II, Arrate MP, Berdiev BK, Benos
DJ & Fuller CM (1995). Cloning of an epithelial chloride channel from bovine trachea.
The Journal of Biological Chemistry 270, 31016–26.
Currie KPM (2010). G protein modulation of CaV2 voltage-gated calcium channels. Chan-
nels 4, 497–509.
Dauner K, Lissmann J, Jeridi S, Frings S & Möhrlen F (2012). Expression patterns of
anoctamin 1 and anoctamin 2 chloride channels in the mammalian nose. Cell and Tssue
Research .
De Castro F, Geijo-Barrientos E & Gallego R (1997). Calcium-activated chloride current
in normal mouse sympathetic ganglion cells. The Journal of Physiology 498 ( Pt 2,
397–408.
Del Punta K, Puche AC, Adams NC, Rodriguez I & Mombaerts P (2002). A divergent
pattern of sensory axonal projections is rendered convergent by second-order neurons in
the accessory olfactory bulb. Neuron 35, 1057–66.
Dewan A, Pacifico R, Zhan R, Rinberg D & Bozza T (2013). Non-redundant coding of
aversive odours in the main olfactory pathway. Nature 497, 486–9.
Dhallan RS, Yau KW, Schrader KA & Reed RR (1990). Primary structure and functional
expression of a cyclic nucleotide-activated channel from olfactory neurons. Nature 347,
184–187.
Dibattista M, Amjad A, Maurya DK, Sagheddu C, Montani G, Tirindelli R & Menini A
(2012). Calcium-activated chloride channels in the apical region of mouse vomeronasal
sensory neurons. The Journal of General Physiology 140, 3–15.
Dibattista M, Mazzatenta A, Grassi F, Tirindelli R & Menini A (2008). Hyperpolarization-
activated cyclic nucleotide-gated channels in mouse vomeronasal sensory neurons. Jour-
nal of Neurophysiology 100, 576–86.
Dietschi Q, Assens A, Challet L, Carleton A & Rodriguez I (2013). Convergence of FPR-
rs3-expressing neurons in the mouse accessory olfactory bulb. Molecular and Cellular
Neurosciences 56, 140–7.
Dooley R, Mashukova A, Toetter B, Hatt H & Neuhaus EM (2011). Purinergic receptor
antagonists inhibit odorant-mediated CREB phosphorylation in sustentacular cells of
mouse olfactory epithelium. BMC Neuroscience 12, 86.
Dulac C & Wagner S (2006). Genetic analysis of brain circuits underlying pheromone
signaling. Annual Review of Genetics 40, 449–67.
91
Dulac C & Axel R (1995). A novel family of genes encoding putative pheromone receptors
in mammals. Cell 83, 195–206.
Dulac C & Torello T (2003). Molecular detection of pheromone signals in mammals: from
genes to behaviour. Nature Reviews Neuroscience 4, 551–62.
Eggermont J (2004). Calcium-activated chloride channels: (un)known, (un)loved? Pro-
ceedings of the American Thoracic Society 1, 22–7.
Eisthen HL (1992). Phylogeny of the vomeronasal system and of receptor cell types
in the olfactory and vomeronasal epithelia of vertebrates. Microscopy Research and
Technique 23, 1–21.
Elble RC, Widom J, Gruber aD, Abdel-Ghany M, Levine R, Goodwin A, Cheng HC
& Pauli BU (1997). Cloning and characterization of lung-endothelial cell adhesion
molecule-1 suggest it is an endothelial chloride channel. Journal of Biological Chem-
istry 272, 27853–27861.
Evans MG & Marty A (1986). Calcium-dependent chloride currents in isolated cells from
rat lacrimal glands. The Journal of Physiology 378, 437–60.
Fallah G, Römer T, Detro-Dassen S, Braam U, Markwardt F & Schmalzing G (2011).
TMEM16A(a)/anoctamin-1 shares a homodimeric architecture with CLC chloride chan-
nels. Molecular and Cellular Proteomics 10, M110.004697.
Ferrero DM, Lemon JK, Fluegge D, Pashkovski SL, Korzan WJ, Datta SR, Spehr M,
Fendt M & Liberles SD (2011). Detection and avoidance of a carnivore odor by prey.
PNAS 108, 11235–40.
Ferrero DM, Moeller LM, Osakada T, Horio N, Li Q, Roy DS, Cichy A, Spehr M, Touhara
K & Liberles SD (2013). A juvenile mouse pheromone inhibits sexual behaviour through
the vomeronasal system. Nature 502, 368–71.
Ferrero DM, Wacker D, Roque Ma, Baldwin MW, Stevens RC & Liberles SD (2012).
Agonists for 13 trace amine-associated receptors provide insight into the molecular basis
of odor selectivity. ACS Chemical Biology 7, 1184–9.
Fieni F, Ghiaroni V, Tirindelli R, Pietra P & Bigiani A (2003). Apical and basal neurones
isolated from the mouse vomeronasal organ differ for voltage-dependent currents. The
Journal of Physiology 552, 425–36.
Finlayson JS, Asofsky R, Potter M & Runner CC (1965). Major urinary protein complex
of normal mice: origin. Science 149, 981–2.
Firestein S (2001). How the olfactory system makes sense of scents. Nature 413, 211–8.
92
Firestein S & Werblin F (1989). Odor-induced membrane currents in vertebrate-olfactory
receptor neurons. Science 244, 79–82.
Forte LR (2004). Uroguanylin and guanylin peptides: pharmacology and experimental
therapeutics. Pharmacology & Therapeutics 104, 137–62.
Fülle HJ, Vassar R, Foster DC, Yang RB, Axel R & Garbers DL (1995). A receptor
guanylyl cyclase expressed specifically in olfactory sensory neurons. PNAS 92, 3571–5.
Galietta LJV (2009). The TMEM16 protein family: a new class of chloride channels?
Biophysical Journal 97, 3047–53.
Gao JL, Lee EJ & Murphy PM (1999). Impaired antibacterial host defense in mice lacking
the N-formylpeptide receptor. The Journal of Experimental Medicine 189, 657–62.
Gentet LJ, Stuart GJ & Clements JD (2000). Direct measurement of specific membrane
capacitance in neurons. Biophysical Journal 79, 314–320.
Ghiaroni V, Fieni F, Tirindelli R, Pietra P & Bigiani A (2003). Ion conductances in sup-
porting cells isolated from the mouse vomeronasal organ. Journal of Neurophysiology 89,
118–27.
Gibson A, Lewis AP, Affleck K, Aitken AJ, Meldrum E & Thompson N (2005). hCLCA1
and mCLCA3 are secreted non-integral membrane proteins and therefore are not ion
channels. The Journal of Biological Chemistry 280, 27205–12.
Graham FL, Smiley J, Russell WC & Nairn R (1977). Characteristics of a human cell
line transformed by DNA from human adenovirus type 5. The Journal of General
Virology 36, 59–74.
Grosmaitre X, Vassalli A, Mombaerts P, Shepherd GM &Ma M (2006). Odorant responses
of olfactory sensory neurons expressing the odorant receptor MOR23: a patch clamp
analysis in gene-targeted mice. PNAS 103, 1970–5.
Grubb S, Poulsen Ka, Juul CAl, Kyed T, Klausen TK, Larsen EH & Hoffmann EK (2013).
TMEM16F (Anoctamin 6), an anion channel of delayed Ca2+ activation. The Journal
of General Physiology 141, 585–600.
Grüneberg H (1973). A ganglion probably belonging to the N. terminalis system in the
nasal mucosa of the mouse. Zeitschrift für Anatomie und Entwicklungsgeschichte 140,
39–52.
Grynkiewicz G, Poenie M & Tsien RY (1985). A new generation of Ca2+ indicators with
greatly improved fluorescence properties. The Journal of Biological Chemistry 260,
3440–50.
93
Haberly LB (2001). Parallel-distributed Processing in Olfactory Cortex: New Insights from
Morphological and Physiological Analysis of Neuronal Circuitry. Chemical Senses 26,
551–576.
Haga S, Hattori T, Sato T, Sato K, Matsuda S, Kobayakawa R, Sakano H, Yoshihara
Y, Kikusui T & Touhara K (2010). The male mouse pheromone ESP1 enhances female
sexual receptive behaviour through a specific vomeronasal receptor. Nature 466, 118–22.
Hagendorf S, Fluegge D, Engelhardt C & Spehr M (2009). Homeostatic control of sensory
output in basal vomeronasal neurons: activity-dependent expression of ether-à-go-go-
related gene potassium channels. The Journal of Neuroscience 29, 206–21.
Halpern M, Shapiro LS & Jia C (1995). Differential localization of G proteins in the
opossum vomeronasal system. Brain Research 677, 157–61.
Hamill OP, Marty A, Neher E, Sakmann B & Sigworth FJ (1981). Improved patch-
clamp techniques for high-resolution current recording from cells and cell-free membrane
patches. Pflügers Archiv: European Journal of Physiology pp. 85–100.
Hartzell C, Putzier I & Arreola J (2005). Calcium-activated chloride channels. Annual
Review of Physiology 67, 719–58.
Hartzell HC, Yu K, Xiao Q, Chien LT & Qu Z (2009). Anoctamin/TMEM16 family
members are Ca2+-activated Cl− channels. The Journal of Physiology 587, 2127–39.
Hashiguchi Y & Nishida M (2007). Evolution of trace amine associated receptor (TAAR)
gene family in vertebrates: lineage-specific expansions and degradations of a second class
of vertebrate chemosensory receptors expressed in the olfactory epithelium. Molecular
Biology and Evolution 24, 2099–107.
He HQ, Liao D, Wang ZG, Wang ZL, Zhou HC, Wang MW & Ye RD (2013). Functional
characterization of three mouse formyl peptide receptors. Molecular Pharmacology 83,
389–98.
He J, Ma L, Kim S, Nakai J & Yu CR (2008). Encoding gender and individual information
in the mouse vomeronasal organ. Science 320, 535–8.
Hengl T, Kaneko H, Dauner K, Vocke K, Frings S & Möhrlen F (2010). Molecular com-
ponents of signal amplification in olfactory sensory cilia. PNAS 107, 6052–7.
Henkel B, Drose DR, Ackels T, Oberland S, Spehr M & Neuhaus EM (2014). Co-expression
of Anoctamins in Cilia of Olfactory Sensory Neurons. Chemical Senses pp. 1–15.
Herrada G & Dulac C (1997). A novel family of putative pheromone receptors in mammals
with a topographically organized and sexually dimorphic distribution. Cell 90, 763–73.
94
Hille B (2001). Ion channels of excitable membranes Sinauer Associates, Inc., Sunderland,
3rd edition.
Holekamp TF, Turaga D & Holy TE (2008). Fast three-dimensional fluorescence imaging
of activity in neural populations by objective-coupled planar illumination microscopy.
Neuron 57, 661–72.
Holy TE (2000). Responses of vomeronasal neurons to natural stimuli. Science 289,
1569–1572.
Hu J, Zhong C, Ding C, Chi Q, Walz A, Mombaerts P, Matsunami H & Luo M (2007).
Detection of near-atmospheric concentrations of CO2 by an olfactory subsystem in the
mouse. Science 317, 953–7.
Humphries R, Robertson D, Beynon R & Hurst J (1999). Unravelling the chemical basis
of competitive scent marking in house mice. Animal Behaviour 58, 1177–1190.
Hurst JL & Beynon RJ (2004). Scent wars: the chemobiology of competitive signalling
in mice. BioEssays: News and Reviews in Molecular, Cellular and Developmental Biol-
ogy 26, 1288–98.
Hurst JL, Payne CE, Nevison CM, Marie AD, Humphries RE, Robertson DH, Cavaggioni
A & Beynon RJ (2001). Individual recognition in mice mediated by major urinary
proteins. Nature 414, 631–634.
Hurst J, Robertson D, Tolladay U & Beynon R (1998). Proteins in urine scent marks
of male house mice extend the longevity of olfactory signals. Animal Behaviour 55,
1289–97.
Imai T & Sakano H (2007). Roles of odorant receptors in projecting axons in the mouse
olfactory system. Current Opinion in Neurobiology 17, 507–15.
Ishii T, Hirota J &Mombaerts P (2003). Combinatorial coexpression of neural and immune
multigene families in mouse vomeronasal sensory neurons. Current Biology 13, 394–400.
Jacobson L, Trotier D & Doving KB (1998). Anatomical description of a new organ in the
nose of domesticated animals by Ludvig Jacobson (1813). Chemical Senses 23, 743–54.
Jan LY & Jan YN (2012). Voltage-gated potassium channels and the diversity of electrical
signalling. The Journal of Physiology 590, 2591–9.
Jenkins PM, McEwen DP & Martens JR (2009). Olfactory cilia: linking sensory cilia
function and human disease. Chemical Senses 34, 451–64.
Jentsch TJ, Stein V, Weinreich F & Zdebik AA (2002). Molecular structure and physio-
logical function of chloride channels. Physiological Reviews 82, 503–68.
95
Jia C & Halpern M (1996). Subclasses of vomeronasal receptor neurons: differential ex-
pression of G proteins (Gi𝛼2 and G𝛼o) and segregated projections to the accessory
olfactory bulb. Brain Research 719, 117–28.
Johnson MA, Tsai L, Roy DS, Valenzuela DH, Mosley C, Magklara A, Lomvardas S,
Liberles SD & Barnea G (2012). Neurons expressing trace amine-associated receptors
project to discrete glomeruli and constitute an olfactory subsystem. PNAS 109, 2–7.
Jones DT & Reed RR (1988). Golf: An olfactory neuron specific G protein 9631.
Juilfs DM, Fülle HJ, Zhao AZ, Houslay MD, Garbers DL & Beavo JA (1997). A subset of
olfactory neurons that selectively express cGMP-stimulated phosphodiesterase (PDE2)
and guanylyl cyclase-D define a unique olfactory signal transduction pathway. PNAS 94,
3388–95.
Kaba H & Nakanishi S (1995). Synaptic mechanisms of olfactory recognition memory.
Reviews in the Neurosciences 6, 125–41.
Kaneko H, Putzier I, Frings S, Kaupp UB & Gensch T (2004). Chloride accumulation in
mammalian olfactory sensory neurons. The Journal of Neuroscience 24, 7931–8.
Karlson P & Lüscher M (1959). Pheromones: a new term for a class of biologically active
substances. Nature 183, 55–6.
Kaur AW, Ackels T, Kuo TH, Cichy A, Dey S, Hays C, Kateri M, Logan DW, Marton
TF, Spehr M & Stowers L (2014). Murine pheromone proteins constitute a context-
dependent combinatorial code governing multiple social behaviors. Cell 157, 676–88.
Kelliher KR, Spehr M, Li XH, Zufall F & Leinders-Zufall T (2006). Pheromonal recognition
memory induced by TRPC2-independent vomeronasal sensing. The European Journal
of Neuroscience 23, 3385–90.
Keverne EB (1999). The Vomeronasal Organ. Science 286, 716–720.
Kim S, Ma L & Yu CR (2011). Requirement of calcium-activated chloride channels in the
activation of mouse vomeronasal neurons. Nature Communications 2, 365.
Kimoto H, Haga S, Sato K & Touhara K (2005). Sex-specific peptides from exocrine
glands stimulate mouse vomeronasal sensory neurons. Nature 437, 898–901.
Kimoto H, Sato K, Nodari F, Haga S, Holy TE & Touhara K (2007). Sex- and strain-
specific expression and vomeronasal activity of mouse ESP family peptides. Current
Biology 17, 1879–84.
Kleene SJ (1993). Origin of the chloride current in olfactory transduction. Neuron 11,
123–132.
96
Kleene SJ (2008). The electrochemical basis of odor transduction in vertebrate olfactory
cilia. Chemical Senses 33, 839–59.
Krautwurst D, Yau KW & Reed RR (1998). Identification of ligands for olfactory receptors
by functional expression of a receptor library. Cell 95, 917–26.
Krieger J, Schmitt a, Löbel D, Gudermann T, Schultz G, Breer H & Boekhoff I (1999).
Selective activation of G protein subtypes in the vomeronasal organ upon stimulation
with urine-derived compounds. The Journal of Biological Chemistry 274, 4655–62.
Kunzelmann K, Milenkovic VM, Spitzner M, Soria RB & Schreiber R (2007). Calcium-
dependent chloride conductance in epithelia: is there a contribution by Bestrophin?
Pflügers Archiv: European Journal of Physiology 454, 879–89.
Kunzelmann K, Nilius B, Owsianik G, Schreiber R, Ousingsawat J, Sirianant L, Wan-
itchakool P, Bevers EM & Heemskerk JWM (2014). Molecular functions of anoctamin 6
(TMEM16F): a chloride channel, cation channel, or phospholipid scramblase? Pflügers
Archiv: European Journal of Physiology 466, 407–14.
Kunzelmann K, Schreiber R, Kmit A, Jantarajit W, Martins JR, Faria D, Kongsuphol
P, Ousingsawat J & Tian Y (2012). Expression and function of epithelial anoctamins.
Experimental Physiology 97, 184–92.
Kunzelmann K, Tian Y, Martins JR, Faria D, Kongsuphol P, Ousingsawat J, Thevenod
F, Roussa E, Rock J & Schreiber R (2011). Anoctamins. Pflügers Archiv: European
Journal of Physiology .
Kurahashi T & Yau KW (1993). Co-existence of cationic and chloride components in
odorant-induced current of vertebrate olfactory receptor cells. Nature 363, 71–4.
Kuruma A & Hartzell HC (2000). Bimodal control of a Ca2+-activated Cl channel by
different Ca2+ signals. The Journal of General Physiology 115, 59–80.
Lalonde MR, Kelly ME & Barnes S (2008). Calcium-activated chloride channels in the
retina. Channels 2, 252–60.
Le Y, Murphy PM & Wang JM (2002). Formyl-peptide receptors revisited. Trends in
Immunology 23, 541–8.
Le Y, Wang JM, Liu X, Kong Y, Hou X, Ruan L & Mou H (2007). Biologically active
peptides interacting with the G protein-coupled formylpeptide receptor. Protein and
Peptide Letters 14, 846–53.
Leinders-Zufall T, Brennan P, Widmayer P, S PC, Maul-Pavicic A, Jäger M, Li XH, Breer
H, Zufall F & Boehm T (2004). MHC class I peptides as chemosensory signals in the
vomeronasal organ. Science 306, 1033–7.
97
Leinders-Zufall T, Cockerham RE, Michalakis S, Biel M, Garbers DL, Reed RR, Zufall F &
Munger SD (2007). Contribution of the receptor guanylyl cyclase GC-D to chemosensory
function in the olfactory epithelium. PNAS 104, 14507–12.
Leinders-Zufall T, Ishii T, Mombaerts P, Zufall F & Boehm T (2009). Structural require-
ments for the activation of vomeronasal sensory neurons by MHC peptides. Nature
Neuroscience 12, 1551–8.
Leinders-Zufall T, Lane AP, Puche AC, Ma W, Novotny MV, Shipley MT & Zufall F
(2000). Ultrasensitive pheromone detection by mammalian vomeronasal neurons. Na-
ture 405, 792–6.
Levai O, Breer H & Strotmann J (2003). Subzonal organization of olfactory sensory
neurons projecting to distinct glomeruli within the mouse olfactory bulb. The Journal
of Comparative Neurology 458, 209–20.
Lévai O, Feistel T, Breer H & Strotmann J (2006). Cells in the vomeronasal organ ex-
press odorant receptors but project to the accessory olfactory bulb. The Journal of
Comparative Neurology 498, 476–90.
Leypold BG, Yu CR, Leinders-Zufall T, Kim MM, Zufall F & Axel R (2002). Altered
sexual and social behaviors in trp2 mutant mice. PNAS 99, 6376–81.
Liberles SD (2014). Mammalian pheromones. Annual Review of Physiology 76, 151–75.
Liberles SD & Buck LB (2006). A second class of chemosensory receptors in the olfactory
epithelium. Nature 442, 645–50.
Liberles SD, Horowitz LF, Kuang D, Contos JJ, Wilson KL, Siltberg-Liberles J, Liberles
Da & Buck LB (2009). Formyl peptide receptors are candidate chemosensory receptors
in the vomeronasal organ. PNAS 106, 9842–7.
Licht G & Meredith M (1987). Convergence of main and accessory olfactory pathways
onto single neurons in the hamster amygdala. Experimental Brain Research 69, 7–18.
Liman ER, Corey DP & Dulac C (1999). TRP2: a candidate transduction channel for
mammalian pheromone sensory signaling. PNAS 96, 5791–6.
Liman ER & Buck LB (1994). A second subunit of the olfactory cyclic nucleotide-gated
channel confers high sensitivity to cAMP. Neuron 13, 611–21.
Liman ER & Corey DP (1996). Electrophysiological characterization of chemosensory
neurons from the mouse vomeronasal organ. The Journal of Neuroscience 16, 4625–37.
Lin DY, Zhang Sz, Block E & Katz LC (2005). Encoding social signals in the mouse main
olfactory bulb. Nature 434, 470–7.
98
Lin W, Arellano J, Slotnick B & Restrepo D (2004). Odors detected by mice deficient in
cyclic nucleotide-gated channel subunit A2 stimulate the main olfactory system. The
Journal of Neuroscience 24, 3703–10.
Lindemann L, Ebeling M, Kratochwil N, Bunzow JR, Grandy DK & Hoener MC (2005).
Trace amine-associated receptors form structurally and functionally distinct subfamilies
of novel G protein-coupled receptors. Genomics 85, 372–85.
Lledo PM, Gheusi G & Vincent JD (2005). Information processing in the mammalian
olfactory system. Physiological Reviews 85, 281–317.
Loconto J, Papes F, Chang E, Stowers L, Jones EP, Takada T, Kumánovics A, Fischer
Lindahl K & Dulac C (2003). Functional expression of murine V2R pheromone receptors
involves selective association with the M10 and M1 families of MHC class Ib molecules.
Cell 112, 607–18.
Logan DW, Marton TF & Stowers L (2008). Species specificity in major urinary proteins
by parallel evolution. PLoS One 3, e3280.
Lowe G & Gold GH (1993). Nonlinear amplification by calcium-dependent chloride chan-
nels in olfactory receptor cells. Nature 366, 283–6.
Lucas P, Ukhanov KK, Leinders-Zufall T & Zufall F (2003). A diacylglycerol-gated cation
channel in vomeronasal neuron dendrites is impaired in TRPC2 mutant mice: mechanism
of pheromone transduction. Neuron 40, 551–61.
Luo M & Katz LC (2004). Encoding pheromonal signals in the mammalian vomeronasal
system. Current Opinion in Neurobiology 14, 428–34.
Ma M (2007). Encoding olfactory signals via multiple chemosensory systems. Critical
Reviews in Biochemistry and Molecular Biology 42, 463–80.
Magklara A, Yen A, Colquitt BM, Clowney EJ, Allen W, Markenscoff-Papadimitriou E,
Evans Za, Kheradpour P, Mountoufaris G, Carey C, Barnea G, Kellis M & Lomvardas S
(2011). An epigenetic signature for monoallelic olfactory receptor expression. Cell 145,
555–70.
Malnic B, Hirono J, Sato T & Buck LB (1999). Combinatorial receptor codes for odors.
Cell 96, 713–23.
Martini S, Silvotti L, Shirazi A, Ryba NJP & Tirindelli R (2001). Co-expression of putative
pheromone receptors in the sensory neurons of the vomeronasal organ. The Journal of
Neuroscience 21, 843–8.
99
Martins JR, Faria D, Kongsuphol P, Reisch B, Schreiber R & Kunzelmann K (2011).
Anoctamin 6 is an essential component of the outwardly rectifying chloride channel.
PNAS .
Matsunami H & Buck LB (1997). A multigene family encoding a diverse array of putative
pheromone receptors in mammals. Cell 90, 775–84.
Mei YA, Louiset E, Vaudry H & Cazin L (1995). A-type potassium current modulated by
A1 adenosine receptor in frog melanotrophs. The Journal of Physiology 489, 431–42.
Menco BP (1984). Ciliated and microvillous structures of rat olfactory and nasal respira-
tory epithelia. A study using ultra-rapid cryo-fixation followed by freeze-substitution or
freeze-etching. Cell and Tssue Research 235, 225–41.
Menco BP (1997). Ultrastructural aspects of olfactory signaling. Chemical Senses 22,
295–311.
Meredith M (1998). Vomeronasal, olfactory, hormonal convergence in the brain. Cooper-
ation or coincidence? Annals of the New York Academy of Sciences 855, 349–61.
Meredith M & O’Connell RJ (1979). Efferent control of stimulus access to the hamster
vomeronasal organ. The Journal of Physiology 286, 301–16.
Meyer MR, Angele A, Kremmer E, Kaupp UB & Müller F (2000). A cGMP-signaling
pathway in a subset of olfactory sensory neurons. PNAS 97, 10595–600.
Migeotte I, Communi D & Parmentier M (2006). Formyl peptide receptors: a promiscuous
subfamily of G protein-coupled receptors controlling immune responses. Cytokine &
Growth Factor Reviews 17, 501–19.
Miledi R (1982). A calcium-dependent transient outward current in Xenopus laevis
oocytes. Proceedings of the Royal Society of London. Series B, Containing Papers of a
Biological Character 215, 491–7.
Mombaerts P (2004). Genes and ligands for odorant, vomeronasal and taste receptors.
Nature Reviews Neuroscience 5, 263–78.
Mombaerts P (2006). Axonal wiring in the mouse olfactory system. Annual Review of
Cell and Developmental Biology 22, 713–37.
Mombaerts P, Wang F, Dulac C, Chao SK, Nemes A, Mendelsohn M, Edmondson J &
Axel R (1996). Visualizing an olfactory sensory map. Cell 87, 675–686.
Mori K, Takahashi YK, Igarashi KM & Yamaguchi M (2006). Maps of odorant molecular
features in the Mammalian olfactory bulb. Physiological Reviews 86, 409–33.
100
Morrison LA, Lukacher AE, Braciale VL, Fan DP & Braciale TJ (1986). Differences
in antigen presentation to MHC class I-and class II-restricted influenza virus-specific
cytolytic T lymphocyte clones. The Journal of Experimental Medicine 163, 903–21.
Moulton DG & Beidler LM (1967). Structure and function in the peripheral olfactory
system. Physiological Reviews 47, 1–52.
Mudge JM, Armstrong SD, McLaren K, Beynon RJ, Hurst JL, Nicholson C, Robertson
DH, Wilming LG & Harrow JL (2008). Dynamic instability of the major urinary protein
gene family revealed by genomic and phenotypic comparisons between C57 and 129
strain mice. Genome Biology 9, R91.
Mullis K, Faloona F, Scharf S, Saiki R, Horn G & Erlich H (1986). Specific enzymatic
amplification of DNA in vitro: the polymerase chain reaction. Cold Spring Harbor
Symposia on Quantitative Biology 51 Pt 1, 263–73.
Munger SD, Leinders-Zufall T, McDougall LM, Cockerham RE, Schmid A, Wandernoth
P, Wennemuth G, Biel M, Zufall F & Kelliher KR (2010). An olfactory subsystem that
detects carbon disulfide and mediates food-related social learning. Current Biology 20,
1438–44.
Munger SD, Leinders-Zufall T & Zufall F (2009). Subsystem organization of the mam-
malian sense of smell. Annual Review of Physiology 71, 115–40.
Nagai T, Ibata K, Park ES, Kubota M, Mikoshiba K & Miyawaki A (2002). A vari-
ant of yellow fluorescent protein with fast and efficient maturation for cell-biological
applications. Nature Biotechnology 20, 87–90.
Nakamura T & Gold GH (1987). A cyclic nucleotide-gated conductance in olfactory
receptor cilia. Nature 325, 442–4.
Narahashi T, Anderson NC & Moore JW (1966). Tetrodotoxin does not block excitation
from inside the nerve membrane. Science 153, 765–7.
Neely A & Hidalgo P (2014). Structure-function of proteins interacting with the 𝛼1 pore-
forming subunit of high-voltage-activated calcium channels. Frontiers in Physiology 5,
209.
Neher E & Sakmann B (1976). Single-channel currents recorded from membrane of den-
ervated frog muscle fibres. Nature 260, 799–802.
Nelson RJ & Trainor BC (2007). Neural mechanisms of aggression. Nature Reviews.
Neuroscience 8, 536–46.
101
Nevison CM, Armstrong S, Beynon RJ, Humphries RE & Hurst JL (2003). The ownership
signature in mouse scent marks is involatile. Proceedings in Biological sciences / The
Royal Society 270, 1957–63.
Nickell WT, Kleene NK & Kleene SJ (2007). Mechanisms of neuronal chloride accumula-
tion in intact mouse olfactory epithelium. The Journal of Physiology 583, 1005–20.
Niimura Y & Nei M (2007). Extensive gains and losses of olfactory receptor genes in
mammalian evolution. PLoS One 2, e708.
Nodari F, Hsu FF, Fu X, Holekamp TF, Kao LF, Turk J & Holy TE (2008). Sulfated
steroids as natural ligands of mouse pheromone-sensing neurons. The Journal of Neu-
roscience 28, 6407–18.
Novotny M, Jemiolo B, Harvey S, Wiesler D & Marchlewska-Koj A (1986). Adrenal-
mediated endogenous metabolites inhibit puberty in female mice. Science 231, 722–5.
Novotny MV (2003). Pheromones, binding proteins and receptor responses in rodents.
Biochemical Society Transactions 31, 117–22.
Novotny MV, Jemiolo B, Wiesler D, Ma W, Harvey S, Xu F, Xie TM & Carmack M
(1999a). A unique urinary constituent, 6-hydroxy-6-methyl-3-heptanone, is a pheromone
that accelerates puberty in female mice. Chemistry & Biology 6, 377–83.
Novotny MV, Ma W, Wiesler D & Zídek L (1999b). Positive identification of the puberty-
accelerating pheromone of the house mouse: the volatile ligands associating with the
major urinary protein. Proceedings in Biological sciences / The Royal Society 266,
2017–22.
Oka Y, Katada S, Omura M, Suwa M, Yoshihara Y & Touhara K (2006). Odorant receptor
map in the mouse olfactory bulb: in vivo sensitivity and specificity of receptor-defined
glomeruli. Neuron 52, 857–69.
Pacifico R, Dewan A, Cawley D, Guo C & Bozza T (2012). An olfactory subsystem that
mediates high-sensitivity detection of volatile amines. Cell reports 2, 76–88.
Pankevich D, Baum MJ & Cherry JA (2003). Removal of the superior cervical ganglia
fails to block Fos induction in the accessory olfactory system of male mice after exposure
to female odors. Neuroscience letters 345, 13–6.
Papassotiriou J, Eggermont J, Droogmans G & Nilius B (2001). Ca2+-activated Cl−
channels in Ehrlich ascites tumor cells are distinct from mCLCA1, 2 and 3. Pflügers
Archiv: European Journal of Physiology 442, 273–9.
102
Papes F, Logan DWD & Stowers L (2010). The vomeronasal organ mediates inter-
species defensive behaviors through detection of protein pheromone homologs. Cell 141,
692–703.
Perez-Reyes E, Cribbs LL, Daud a, Lacerda aE, Barclay J, Williamson MP, Fox M, Rees
M & Lee JH (1998). Molecular characterization of a neuronal low-voltage-activated
T-type calcium channel. Nature 391, 896–900.
Perkins K (2006). Cell-attached voltage-clamp and current-clamp recording and stimula-
tion techniques in brain slices. Journal of Neuroscience Methods 154, 1–18.
Petrovich GD, Canteras NS & Swanson LW (2001). Combinatorial amygdalar inputs to
hippocampal domains and hypothalamic behavior systems. Brain Research Reviews 38,
247–89.
Pifferi S, Boccaccio A & Menini A (2006). Cyclic nucleotide-gated ion channels in sensory
transduction. FEBS letters 580, 2853–9.
Pifferi S, Dibattista M & Menini A (2009). TMEM16B induces chloride currents activated
by calcium in mammalian cells. Pflügers Archiv: European Journal of Physiology 458,
1023–38.
Qu Z, Fischmeister R & Hartzell C (2004). Mouse Bestrophin-2 Is a Bona fide Cl− Channel.
The Journal of General Physiology 123, 327–40.
Qu Z, Wei RW, Mann W & Hartzell HC (2003). Two bestrophins cloned from Xenopus
laevis oocytes express Ca2+-activated Cl− currents. The Journal of Biological Chem-
istry 278, 49563–72.
Randall A & Tsien R (1995). Pharmacological dissection of multiple types of Ca2+ channel
currents in rat cerebellar granule neurons. The Journal of Neuroscience 15, 2995–3012.
Rasche S, Toetter B, Adler J, Tschapek A, Doerner JF, Kurtenbach S, Hatt H, Meyer H,
Warscheid B & Neuhaus EM (2010). Tmem16b is specifically expressed in the cilia of
olfactory sensory neurons. Chemical Senses 35, 239–45.
Reisert J, Bauer PJ, Yau KW & Frings S (2003). The Ca2+-activated Cl− channel and
its control in rat olfactory receptor neurons. The Journal of General Physiology 122,
349–63.
Reisert J, Lai J, Yau KW & Bradley J (2005). Mechanism of the excitatory Cl− response
in mouse olfactory receptor neurons. Neuron 45, 553–61.
Rivière S, Challet L, Fluegge D, Spehr M & Rodriguez I (2009). Formyl peptide receptor-
like proteins are a novel family of vomeronasal chemosensors. Nature 459, 574–7.
103
Roberts S, Davidson AJ, McLean L, Beynon RJ & Hurst JL (2012). Pheromonal induction
of spatial learning in mice. Science 338, 1462–1465.
Roberts S, Simpson DM, Armstrong SD, Davidson AJ, Robertson DH, McLean L, Beynon
RJ & Hurst JL (2010). Darcin: a male pheromone that stimulates female memory and
sexual attraction to an individual male’s odour. BMC Biology 8, 75.
Robertson DH, Hurst JL, Bolgar MS, Gaskell SJ & Beynon RJ (1997). Molecular hetero-
geneity of urinary proteins in wild house mouse populations. Rapid Communications in
Mass Spectrometry 11, 786–90.
Robinson RB & Siegelbaum SA (2003). Hyperpolarization-activated cation currents: from
molecules to physiological function. Annual Review of Physiology 65, 453–80.
Rock JR, O’Neal WK, Gabriel SE, Randell SH, Harfe BD, Boucher RC & Grubb BR
(2009). Transmembrane protein 16A (TMEM16A) is a Ca2+-regulated Cl− secretory
channel in mouse airways. The Journal of Biological Chemistry 284, 14875–80.
Rodriguez I, Del Punta K, Rothman A, Ishii T & Mombaerts P (2002). Multiple new and
isolated families within the mouse superfamily of V1r vomeronasal receptors. Nature
Neuroscience 5, 134–40.
Rodriguez I, Feinstein P & Mombaerts P (1999). Variable patterns of axonal projections
of sensory neurons in the mouse vomeronasal system. Cell 97, 199–208.
Rodriguez I & Mombaerts P (2002). Novel human vomeronasal receptor-like genes reveal
species-specific families. Current Biology 12, 409–11.
Ryba NJP & Tirindelli R (1997). A new multigene family of putative pheromone receptors.
Neuron 19, 371–9.
Sagheddu C, Boccaccio A, Dibattista M, Montani G, Tirindelli R & Menini A (2010).
Calcium concentration jumps reveal dynamic ion selectivity of calcium-activated chloride
currents in mouse olfactory sensory neurons and TMEM16b-transfected HEK 293T cells.
The Journal of Physiology 588, 4189–204.
Saidu SP, Stephan AB, Talaga AK, Zhao H & Reisert J (2013). Channel properties of the
splicing isoforms of the olfactory calcium-activated chloride channel Anoctamin 2. The
Journal of General Physiology 141, 691–703.
Schiffmann E, Corcoran BA & Wahl SM (1975). N-formylmethionyl peptides as chemoat-
tractants for leucocytes. PNAS 72, 1059–62.
Schreiber R, Uliyakina I, Kongsuphol P, Warth R, Mirza M, Martins JR & Kunzelmann
K (2010). Expression and function of epithelial anoctamins. The Journal of Biological
Chemistry 285, 7838–45.
104
Schroeder BC, Cheng T, Jan YN & Jan LY (2008). Expression cloning of TMEM16A as
a calcium-activated chloride channel subunit. Cell 134, 1019–29.
Schwiebert EM, Benos DJ, Egan ME, Stutts MJ & Guggino WB (1999). CFTR is a
conductance regulator as well as a chloride channel. Physiological Reviews 79, 145–66.
Serizawa S, Miyamichi K, Nakatani H, Suzuki M, Saito M, Yoshihara Y & Sakano H
(2003). Negative feedback regulation ensures the one receptor-one olfactory neuron rule
in mouse. Science 302, 2088–94.
Serizawa S, Miyamichi K & Sakano H (2004). One neuron-one receptor rule in the mouse
olfactory system. Trends in Genetics 20, 648–53.
Serizawa S, Miyamichi K, Takeuchi H, Yamagishi Y, Suzuki M & Sakano H (2006). A
neuronal identity code for the odorant receptor-specific and activity-dependent axon
sorting. Cell 127, 1057–69.
Sharrow SD, Vaughn JL, Zídek L, Novotny MV & Stone MJ (2002). Pheromone binding
by polymorphic mouse major urinary proteins. Protein science 11, 2247–56.
Sheridan JT, Worthington EN, Yu K, Gabriel SE, Hartzell HC & Tarran R (2011).
Characterization of the oligomeric structure of the Ca2+-activated Cl− channel
Ano1/TMEM16A. The Journal of Biological Chemistry 286, 1381–8.
Shimazaki R, Boccaccio A, Mazzatenta A, Pinato G, Migliore M & Menini A (2006).
Electrophysiological properties and modeling of murine vomeronasal sensory neurons in
acute slice preparations. Chemical Senses 31, 425–35.
Shimizu T, Iehara T, Sato K, Fujii T, Sakai H & Okada Y (2013). TMEM16F is a com-
ponent of a Ca2+-activated Cl− channel but not a volume-sensitive outwardly rectifying
Cl− channel. American Journal of Physiology. Cell Physiology 304, 748–59.
Shinoda K, Shiotani Y & Osawa Y (1989). "Necklace olfactory glomeruli" form unique
components of the rat primary olfactory system. The Journal of Comparative Neurol-
ogy 284, 362–73.
Shipley MT & Ennis M (1996). Functional organization of olfactory system. Journal of
Neurobiology 30, 123–176.
Silvotti L, Moiani A, Gatti R & Tirindelli R (2007). Combinatorial co-expression of
pheromone receptors, V2Rs. Journal of Neurochemistry 103, 1753–63.
Spehr J, Hagendorf S, Weiss J, Spehr M, Leinders-Zufall T & Zufall F (2009). Ca2+-
calmodulin feedback mediates sensory adaptation and inhibits pheromone-sensitive ion
channels in the vomeronasal organ. The Journal of Neuroscience 29, 2125–35.
105
Spehr M, Hatt H & Wetzel CH (2002). Arachidonic acid plays a role in rat vomeronasal
signal transduction. The Journal of Neuroscience 22, 8429–37.
Spehr M, Kelliher KR, Li XH, Boehm T, Leinders-Zufall T & Zufall F (2006a). Essen-
tial role of the main olfactory system in social recognition of major histocompatibility
complex peptide ligands. The Journal of Neuroscience 26, 1961–70.
Spehr M, Spehr J, Ukhanov K, Kelliher KR, Leinders-Zufall T & Zufall F (2006b). Parallel
processing of social signals by the mammalian main and accessory olfactory systems.
Cellular and Molecular Life Sciences: CMLS 63, 1476–84.
Spors H & Grinvald A (2002). Spatio-temporal dynamics of odor representations in the
mammalian olfactory bulb. Neuron 34, 301–15.
Stephan AB, Shum EY, Hirsh S, Cygnar KD, Reisert J & Zhao H (2009). ANO2 is
the cilial calcium-activated chloride channel that may mediate olfactory amplification.
PNAS 106, 11776–81.
Stettler DD & Axel R (2009). Representations of odor in the piriform cortex. Neuron 63,
854–64.
Stowers L, Holy TE, Meister M, Dulac C & Koentges G (2002). Loss of sex discrimination
and male-male aggression in mice deficient for TRP2. Science 295, 1493–500.
Stowers L & Marton TF (2005). What is a pheromone? Mammalian pheromones recon-
sidered. Neuron 46, 699–702.
Strotmann J, Conzelmann S, Beck A, Feinstein P, Breer H & Mombaerts P (2000). Local
permutations in the glomerular array of the mouse olfactory bulb. The Journal of
Neuroscience 20, 6927–38.
Sturm T, Leinders-Zufall T, Maček B, Walzer M, Jung S, Pömmerl B, Stevanović S, Zufall
F, Overath P & Rammensee HG (2013). Mouse urinary peptides provide a molecular
basis for genotype discrimination by nasal sensory neurons. Nature Communications 4,
1616.
Suzuki J, Umeda M, Sims PJ & Nagata S (2010). Calcium-dependent phospholipid scram-
bling by TMEM16F. Nature 468, 834–838.
Szabò I, Lepple-Wienhues A, Kaba KN, Zoratti M, Gulbins E & Lang F (1998). Tyro-
sine kinase-dependent activation of a chloride channel in CD95-induced apoptosis in T
lymphocytes. PNAS 95, 6169–74.
Szoka PR & Paigen K (1978). Regulation of mouse major urinary protein production by
the Mup-A gene. Genetics 90, 597–612.
106
T. Rodolfo-Masera (1943). Su l’esquoestizenza di un particulare organo olfacttivo nel setto
nasale della cavia e di altri roditori. Arch Ital Anat Embryol 48, 157–212.
Tian Y, Schreiber R & Kunzelmann K (2012). Anoctamins are a family of Ca2+-activated
Cl- channels. Journal of Cell Science 125, 4991–8.
Tien J, Lee HY, Minor DL, Jan YN & Jan LY (2013). Identification of a dimerization
domain in the TMEM16A calcium-activated chloride channel (CaCC). PNAS 110,
6352–7.
Timm DE, Baker LJ, Mueller H, Zidek L & Novotny MV (2001). Structural basis of
pheromone binding to mouse major urinary protein (MUP-I). Protein Science 10,
997–1004.
Tirindelli R, Dibattista M, Pifferi S & Menini A (2009). From pheromones to behavior.
Physiological Reviews 89, 921–956.
Triggle DJ, Gopalakrishnan M, Rampe D & Zheng W (2006). Voltage-Gated Ion Channels
as Drug Targets Wiley-VCH Verlag GmbH, Weinheim.
Trotier D & Doving KB (1996). Direct influence of the sodium pump on the membrane
potential of vomeronasal chemoreceptor neurones in frog. The Journal of Physiology 490,
611–21.
Tsunenari T, Sun H, Williams J, Cahill H, Smallwood P, Yau KW & Nathans J (2003).
Structure-function analysis of the bestrophin family of anion channels. The Journal of
Biological Chemistry 278, 41114–25.
Ukhanov K, Leinders-Zufall T & Zufall F (2007). Patch-clamp analysis of gene-targeted
vomeronasal neurons expressing a defined V1r or V2r receptor: ionic mechanisms un-
derlying persistent firing. Journal of Neurophysiology 98, 2357–69.
Wagner S, Gresser AL, Torello T & Dulac C (2006). A multireceptor genetic approach
uncovers an ordered integration of VNO sensory inputs in the accessory olfactory bulb.
Neuron 50, 697–709.
Wang Z, Balet Sindreu C, Li V, Nudelman A, Chan GCK & Storm DR (2006). Pheromone
detection in male mice depends on signaling through the type 3 adenylyl cyclase in the
main olfactory epithelium. The Journal of Neuroscience 26, 7375–9.
White MM & Aylwin M (1990). Niflumic and flufenamic acids are potent reversible block-
ers of Ca2+-activated Cl− channels in Xenopus oocytes. Molecular Pharmacology 37,
720–4.
107
Witt M & Hummel T (2006). Vomeronasal versus olfactory epithelium: is there a cellular
basis for human vomeronasal perception? International Review of Cytology 248, 209–59.
Wong ST, Trinh K, Hacker B, Chan GCK, Lowe G, Gaggar A, Xia Z, Gold GH & Storm
DR (2000). Disruption of the type III adenylyl cyclase gene leads to peripheral and
behavioral anosmia in transgenic mice. Neuron 27, 487–97.
Wu CH & Narahashi T (1988). Mechanism of action of novel marine neurotoxins on ion
channels. Annual Review of Pharmacology and Toxicology 28, 141–61.
Wyatt T (2003). Pheromones and animal behaviour: communication by smell and taste
Cambridge University Press, Cambridge, UK.
Wyatt TD (2010). Pheromones and signature mixtures: defining species-wide signals and
variable cues for identity in both invertebrates and vertebrates. Journal of Comparative
Physiology 196, 685–700.
Xia J, Sellers LA, Oxley D, Smith T, Emson P & Keverne EB (2006). Urinary pheromones
promote ERK/Akt phosphorylation, regeneration and survival of vomeronasal (V2R)
neurons. The European Journal of Neuroscience 24, 3333–42.
Xu F, Schaefer M, Kida I, Schafer J, Liu N, Rothman DL, Hyder F, Restrepo D & Shepherd
GM (2005). Simultaneous activation of mouse main and accessory olfactory bulbs by
odors or pheromones. The Journal of Comparative Neurology 489, 491–500.
Yang C & Delay RJ (2010). Calcium-activated chloride current amplifies the response to
urine in mouse vomeronasal sensory neurons. The Journal of General Physiology 135,
3–13.
Yang H, Kim A, David T, Palmer D, Jin T, Tien J, Huang F, Cheng T, Coughlin SR, Jan
YN & Jan LY (2012). TMEM16F forms a Ca2+-activated cation channel required for
lipid scrambling in platelets during blood coagulation. Cell 151, 111–22.
Yang H, Shi P, Zhang YP & Zhang J (2005). Composition and evolution of the V2r
vomeronasal receptor gene repertoire in mice and rats. Genomics 86, 306–15.
Yang YD, Cho H, Koo JY, Tak MH, Cho Y, Shim WS, Park SP, Lee J, Lee B, Kim
BM, Raouf R, Shin YK & Oh U (2008). TMEM16A confers receptor-activated calcium-
dependent chloride conductance. Nature 455, 1210–5.
Yarmolinsky Da, Zuker CS & Ryba NJP (2009). Common sense about taste: from mam-
mals to insects. Cell 139, 234–44.
Yellen G (1984). Ionic permeation and blockade in Ca2+-activated K+ channels of bovine
chromaffin cells. The Journal of General Physiology 84, 157–86.
108
Young JM & Trask BJ (2007). V2R gene families degenerated in primates, dog and cow,
but expanded in opossum. Trends in Genetics 23, 212–5.
Young LJ & Hammock EaD (2007). On switches and knobs, microsatellites and monogamy.
Trends in Genetics 23, 209–12.
Yu SP & Kerchner GA (1998). Endogenous voltage-gated potassium channels in human
embryonic kidney (HEK293) cells. Journal of Neuroscience Research 52, 612–7.
Yu TT, McIntyre JC, Bose SC, Hardin D, Owen MC & McClintock TS (2005). Differ-
entially expressed transcripts from phenotypically identified olfactory sensory neurons.
The Journal of Comparative Neurology 483, 251–62.
Zhang J, Pacifico R, Cawley D, Feinstein P & Bozza T (2013). Ultrasensitive detec-
tion of amines by a trace amine-associated receptor. The Journal of Neuroscience 33,
3228–3239.
Zhang P, Yang C & Delay RJ (2008). Urine stimulation activates BK channels in mouse
vomeronasal neurons. Journal of Neurophysiology 100, 1824–34.
Zhang X & Firestein S (2002). The olfactory receptor gene superfamily of the mouse.
Nature Neuroscience 5, 124–33.
Zhang Y, Hoon MA, Chandrashekar J, Mueller KL, Cook B, Wu D, Zuker CS & Ryba
NJP (2003). Coding of sweet, bitter, and umami tastes: different receptor cells sharing
similar signaling pathways. Cell 112, 293–301.
Zhao H (1998). Functional Expression of a Mammalian Odorant Receptor. Science 279,
237–242.
Zhu G, Zhang Y, Xu H & Jiang C (1998). Identification of endogenous outward currents in
the human embryonic kidney (HEK 293) cell line. Journal of Neuroscience Methods 81,
73–83.
Zufall F, Firestein S & Shepherd GM (1994). Cyclic nucleotide-gated ion channels and
sensory transduction in olfactory receptor neurons. Annual Review of Biophysics and
Biomolecular Structure 23, 577–607.
Zufall F & Munger SD (2001). From odor and pheromone transduction to the organization
of the sense of smell. Trends in Neurosciences 24, 191–3.
109
Acknowledgment
8 Acknowledgment
Zum Abschluss möchte ich mich ganz herzlich bei den Menschen bedanken, die mich bei
der Durchführung unterstützt haben und in jedweder Form zum Gelingen dieser Arbeit
beigetragen haben.
An erster Stelle bedanke ich mich bei meinem Doktorvater Herrn Prof. Dr. Marc Spehr,
der mir die Möglichkeit gegeben hat, die Disseration in seiner Arbeitsgruppe anzuferti-
gen. Das Mitwirken an den vielfältigen spannenden Projekten stellte oft große Heraus-
forderungen dar. Für die engagierte wissenschaftliche Betreuung und konstruktive Kritik
während meiner gesamten Arbeit möchte ich mich ganz besonders bedanken. Prof. Spehr
hat mir stets große wissenschaftliche Freiheiten gelassen und gab mir die Möglichkeit an
internationalen Konferenzen teilzunehmen, auf denen ich mich mit vielen interessanten
Wissenschaftlern austauschen konnte. Seine kontinuierliche Unterstützung haben in ho-
hem Maße zu meiner fachlichen sowie meiner persönlichen Entfaltung beigetragen.
Frau Prof. Dr. Eva M. Neuhaus danke ich sehr herzlich für die spannenden und erfol-
greichen Kollaborationsprojekte, das Interesse an meiner Arbeit und für die Übernahme
des Koreferates.
Für die großzügige finanzielle Unterstützung möchte ich mich beim DFG Forschungss-
chwerpunktprogramm (SPP 1392) „Integrative Analysis of Olfaction“ bedanken.
Bei allen Mitarbeitern der AG Chemosensorik bedanke ich mich ganz herzlich für die
harmonische und produktive Atmosphäre im Labor und darüber hinaus auch für die vie-
len schönen Momente außerhalb des Labors.
Ich danke besonders auch meiner Familie, die mir meine Ausbildung ermöglicht und mich
stets liebevoll unterstützt hat. Ohne eure Hilfe wäre das alles nicht möglich gewesen.
Bei meiner Freundin Chryssanthi möchte ich mich ganz besonders herzlich bedanken.
Deine Geduld und liebevolle Unterstützung haben mich auch in schwierigen Phasen meine
Ziele nicht aus den Augen verlieren lassen. Danke für alles!
110
Curriculum vitae
9 Curriculum vitae
Personal information
Name Tobias Ackels
Marital status unmarried
Date of birth 10/23/1984
Place of birth Bitburg
Nationality German
Address Kongressstr. 14
52070 Aachen
Germany
E-mail t.ackels@sensorik.rwth-aachen.de
Education
March 2010 Biology Diploma (Dipl. Biol.), RWTH Aachen University
April 2004 Abitur, St. Josef Gymnasium Biesdorf
Languages
German native speaker
English fluent
French basic knowledge
Research Experience
May 2011 to
present
Doctoral studies
Thesis title: Physiological investigation of chemosensory
mechanisms in the mammalian olfactory and vomeronasal
system. RWTH Aachen University, Department of
Chemosensation, PI: Prof. Dr. Marc Spehr
June 2010 to
March 2011
Diploma thesis
Thesis title: Biochemical analysis of the expression of
chloride transporters in the chicken auditory brainstem
(Gallus gallus domesticus) throughout the embryonic
development. RWTH Aachen University, Department of
Zoology and Animal Physiology, PI: Prof. Dr. Hermann
Wagner
April 2009
to October 2009
Student assistant at Dept. of Animal Physiology at RWTH
Aachen University
111
Curriculum vitae
Awards
2015 Travel Award, 11th Göttingen meeting of the German
Neuroscience Society, Germany, March 2015
2014 Poster prize, Behaviour meets Biochemistry meeting, The
Biochemical Society, London, UK, February 2014
2014 Travel Award, Behaviour meets Biochemistry
meeting, The Biochemical Society, London, UK,
February 2014
2013 AChemS Housing Award, 35th annual meeting of the
Association for Chemoreception Sciences (AChemS),
Huntington Beach, USA, April 2013
Publications
Kaur AW, Ackels T, Kuo T, Cichy A, Dey S, Hays C, Kateri M, Logan DW,
Marton TF, Spehr M and Stowers L (2014). Murine Pheromone Proteins
Constitute a Context-Dependent Combinatorial Code Governing Multiple Social
Behaviors. Cell 157, 676-88
Ackels T, von der Weid B, Rodriguez I and Spehr M (2014). Physiological
characterization of formyl peptide receptor expressing cells in the mouse
vomeronasal organ. Frontiers in Neuroanatomy, doi: 10.3389/fnana.2014.00134
Henkel B, Drose D, Ackels T, Oberland S, Spehr M and Neuhaus EM (2014).
Coexpression of Anoctamins in Cilia of Olfactory Sensory Neurons. Chemical
Senses, doi: 10.1093/chemse/bju061
Cichy A, Ackels T, Tsitoura C, Kahan A, Gronloh N, Söchtig M, Engelhardt C,
Ben-Shaul Y, Müller F, Spehr J and Spehr M. HCN channels mediate
proton-dependent signaling in the mouse vomeronasal organ. The Journal of
Neuroscience, doi: 10.1523/jneurosci.2593-14.2015
Oberland S, Ackels T, Gaab S, Pelz T, Spehr M and Neuhaus EM. CD36 is
involved in fatty acid detection by the murine olfactory system (in submission).
Wallbrecher R, Ackels T, Bovee-Geurts P, Schiller J, Spehr M, Adjobo-Hermanns
M and Brock R. Resistant versus permissive plasma membranes in the uptake of
arginine-rich cell-penetrating peptides (in preparation).
112
Curriculum vitae
Congress participations
Talks
“Physiological characterization of formyl peptide receptor expressing cells in
the mouse vomeronasal organ”, SPP PhD students meeting, Oldenburg,
Germany, September 2014
“Revisiting the labeled line coding model for the vomeronasal system with a
set of defined stimuli”, Behaviour meets Biochemistry meeting, London, UK,
February 2014
Poster
Ackels T, von der Weid B, Rodriguez I and Spehr M (2014) Formyl peptide
receptor expressing neurons in the mouse vomeronasal organ – a comparative
biophysical characterization, SfN meeting, Washington DC, USA
Ackels T, von der Weid B, Rodriguez I and Spehr M (2014). Physiological
characterization of formyl peptide receptor expressing cells in the mouse.
vomeronasal organ, AChemS meeting, Fort Myers, USA
Ackels T, Cichy A, Kaur A, Kateri M, Marton TF, Logan DW, Stowers L
and Spehr M (2014) Revisiting the labeled line coding model for the
vomeronasal system with a set of defined stimuli, Behaviour meets
Biochemistry meeting, London, UK
Ackels T, Cichy A, Kaur A, Kateri M, Marton TF, Logan DW, Stowers L
and Spehr M (2013) Vomeronasal sensory neurons show both determined
and variable stimulus coding strategies, ECRO Meeting, Leuven, Belgium
Ackels T, Cichy A, Kaur A, Kateri M, Marton TF, Logan DW, Stowers L
and Spehr M (2013) Coexistence of determined and variable sensory coding
strategies in the mouse vomeronasal system, AChemS meeting, Huntington
Beach, USA
Ackels T, Henkel B, Neuhaus EM and Spehr M (2013) Probing a potential
heteromultimerization of recombinant anoctamin proteins, NWG Meeting,
Göttingen, Germany
Ackels T, Flügge D, Lipartowski S and Spehr M (2012) An anatomical
spotlight on the mouse vomeronasal organ, International Symposium on
Olfaction and Taste (ISOT), Stockholm, Sweden
113
